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ABSTRACT 
 
 Nanocrystals provide a whole new lens to visualize chemistry. These nanoscopic crystallites can 
be remarkably different in their reactivities from our expectations based on the macroscale. Metastable 
crystal morphologies, crystal domains smaller than the diffusion lengths of ions or electrons, and 
optical/electronic properties that are highly sensitive to small perturbations are some of the unique 
features of nanocrystals. However, heterogeneity often shrouds these unique features. Each individual 
nanocrystal is different from every other nanocrystal: defects, dopants, ligand coverage, size, and 
geometry can all vary vastly within a single sample of several nanocrystallites. Ensemble-averaged 
measurements, therefore, severely limit the development of new insights into nanoscale reactivity. 
Investigating these novel nanoscale phenomena requires new tools that can resolve the reactivity of each 
individual nanocrystal.  
 In my PhD studies, I have used cation exchange as a model reaction to investigate nanoscale 
reactivity using single-nanoparticle-resolved optical microscopy techniques. Cation exchange is possibly 
the most revolutionary chemical method for nanocrystal synthesis. This class of reaction offers the ability 
to transform simple binary nanotemplates into nanocrystalline materials with arbitrarily new 
compositions. Control of the final phase/composition requires a precise atomistic understanding of the 
reaction, which is why the mechanistic insight provided by single-nanocrystal-level optical microscopy is 
important. Chapter 1 gives a brief summary of optical microscopy of nanostructures, outlining the huge 
impact it has had on the understanding of steady-state optical properties, catalytic properties, and 
chemical reactivity. The chapter then transitions to a description of cation exchange, its unique features, 
and the mechanistic understanding that has been gathered so far. Chapter 2 describes my work probing 
individual cadmium selenide quantum dot nanocrystals undergoing cation exchange. The fluorescence-
based individual nanocrystal reaction trajectories led to the finding that cation exchange is a cooperative 
reaction, which had yet to be observed in nanoscience. Chapter 3 describes the intermittent fluorescent 
emission of individual CdSe nanocrystals in the course of their conversion to Ag2Se. It is found that close 
to the conversion point, a CdSe nanocrystal experiences a drastic increase in its fluorescence 
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intermittency. This increase in intermittency is caused by defective/doped intermediates formed 
transiently in the course of the exchange process. Chapter 4 lays the ground work for the mechanistic 
understanding of a whole new reaction, the cation exchange of CdSe with mercury, which does not appear 
to be cooperative. This exchange seems to have very complex intermediate structures that a combination 
of in-situ optical probing and ex-situ high resolution electron microscopy and structural studies should 
resolve. Chapter 5 summarizes doped quantum dots. These doped quantum dots display highly tunable 
plasmon resonances due to free charge carriers created by doping. Cation exchange presents a powerful 
tool to synthesize these doped quantum dots with specificity of the composition. The control of 
composition allows tuning of the plasmon resonance properties for applications such as communications 
technology and biomedical imaging.  
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Chapter 1: Introduction 
 This chapter is divided into two sections. The first, 1.1 Single Nanocrystal Microscopy, briefly 
reviews the field of single nanocrystal microscopy and emphasizes it as an important tool in the 
characterization of nanomaterials. This section outlines how high resolution techniques such as 
transmission electron microscopy (TEM) and scanning tunneling microscopy (STM) are able to give 
atomically precise structure information but at the cost of the loss of an ensemble perspective and a high 
degree of perturbation of the system. Optical microscopy is the perfect complement to these weaknesses 
as massive parallelization and less-invasive optical probing are inherent. The second, 1.2 Cation 
Exchange, describes one of the most interesting transformations in nanochemistry. Cation exchange 
presents one of the best opportunities to learn the capabilities and limits of single nanocrystal optical 
microscopy. This is because in a cation exchange process, nanocrystals can go from reactants to products 
in seconds at room temperature and in the course of this transformation, the optical emission 
characteristics (wavelength maximum and emission intensity) change. Using these optical signatures as 
probes allows the use of single-nanocrystal microscopy to draw unparalleled mechanistic insights, useful 
for further expanding the scope and control of such reactions. 
1.1: Single Nanocrystal Microscopy 
1.1.1: A Nanocrystal as an Individually Unique Species 
 A solution of nanocrystals, unlike molecules, is a collection of unique species. Each individual 
nanocrystal, while similar, is not identical to every other nanocrystal. The exact composition, size, ligand 
coverage, defect density, and shape all vary from nanocrystal-to-nanocrystal. These unique features can 
lead to distinct reactivity and/or properties that significantly deviate from the average. While ensemble 
level studies are often sufficient to characterize the overall reactivity of a sample, these studies ignore the 
defining heterogeneity of such an intricate system. The best way to understand a system with such 
variability is to directly examine every individual nanocrystal in the population and find the exact factors 
influencing the property of interest. 
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1.1.2: High Resolution Imaging of Nanocrystals 
 Detailed structural information about individual nanocrystals is typically gathered through 
detailed electron and scanning probe microscopy. A nanocrystal has been imaged in three dimensions 
(3D), giving its exact crystal structure and morphology allowing for structural reasons for its 
inefficiencies in water splitting catalysts to be understood.1 Individual nanocrystals forming in solution 
have been observed (Figure 1.1 A).2 The exact band structure of individual quantum dots has been 
mapped to understand how dopants create midgap states and cause shifts in the Fermi energy (Figure 1.1 
B).3 Active sites of a solid phase catalyst have been found from STM-based densities of product 
molecules adsorbed to a surface.4 Individual dopants within a nanocrystal have been resolved down to 
their absolute positions and chemical states (Figure 1.1 C & D).5 However, these techniques are 
painstakingly difficult requiring pristine samples that are easily destroyed or contaminated. The high 
resolution prohibits the examination of large numbers of individual nanocrystals with each one presenting 
distinct behavior. Reactive conditions can be next to impossible to probe due to high vacuum 
requirements and highly perturbative probes or slow image acquisition. Such specific studies can be 
unparalleled in their informative capability but the manner of probing does not often emulate the reactive 
conditions of interest. 
 
Figure 1.1. Several examples of high resolution microscopy studies of nanocrystals. (A) In-situ transmission 
electron microscopy (TEM) of growing PtFe nanocrystals driven by the reduction of the precursors with the electron 
beam.2 The exact growth of a given nanocrystal (a or b) may be followed in real time, resulting in a detailed picture 
of the morphological evolution. (B) The band structure of individual InAs nanocrystals doped with Cu, Ag, or Au 
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Figure 1.1. (cont.) compared to the undoped nanocrystal.3 (C) High resolution scanning transmission electron 
microscopy image (HRSTEM) of a ZnSe nanocrystal doped with Mn2+ (circled).5 (D) Electron energy loss 
spectroscopy (EELS) confirms the composition of the incorporated dopant. 
1.1.3: Optical Microscopy 
 Optical microscopy encompasses a powerful class of techniques that leverage the interaction of 
light and matter. These techniques rely on processes like the emission or scattering of light by the species 
of interest. While the spatial resolution can be limited for such a technique, specialized techniques can 
beat diffraction limited resolution to resolve distances between fluorescent centers as small as 10’s of 
nanometers.6,7 One of the most important aspects though is that the field-of-view can image thousands of 
single emitters at once, enabling massive parallelization. The huge number of particles imaged at once 
allows for a pseudo ensemble-view while maintaining the single nanocrystal-resolution providing an 
ensemble-averaging-free picture of processes such as phase transitions or chemical reactions and giving 
them an ensemble context. Without such a context, the question of whether a nanocrystal is exceptional or 
normal in behavior is easily lost. Optical microscopy techniques perfectly complement the 
aforementioned electron and scanning probe microscopy for nanostructures systems, which exhibit optical 
attributes that can be used as probes of the nanostructure or even proximal molecules.8-13  
1.1.4: Optical Microscopy for Characterizing Static Nanocrystal Properties 
 A major focus of optical microscopy studies has been on quantum dots, which is not 
surprising given that these are brightly fluorescent semiconductor nanocrystals.14 The underlying 
optoelectronic properties of quantum dots can be precisely tuned via the crystal structure, composition, 
morphology, and most famously the size of the nanocrystal.8,15-17 Widely tunable emission properties have 
inspired the use of quantum dots in biological imaging,18 optoelectronics,19-21 and photovoltaics22,23. The 
adoption of quantum dots for these applications has been limited by one deleterious effect: blinking, or 
the stochastic intermittency of emission which is found in all fluorescent emitters and can be observed 
through optical imaging of single fluorescent centers.24-27 Ensemble techniques average out blinking, 
necessitating the observation of emission of individual nanocrystals. Originally it was hypothesized that 
the blinking of the quantum dots was an Auger recombination process within a charged nanocrystal.25 
4 
 
Under the Auger mechanism, a photogenerated exciton does not radiatively relax and emit a photon; 
rather it transfers that energy into the extra charge, exciting it to a higher electronic energy, which later 
relaxes via a nonradiative pathway.  
Even two decades after blinking was first observed in quantum dots, the mechanism is still being 
actively investigated. Single nanocrystal spectroelectrochemistry suggests that the blinking of a quantum 
dot has multiple origins.28,29 The first mechanism is based on the observation that a higher propensity for 
quantum dots to be negatively charged (as achieved by an applied negative potential) resulted in emission 
that was less intense and had a shorter lifetime (Figure 1.2 B &C). This is the traditional view of blinking: 
the Auger relaxation model. A negatively charged nanocrystal has a rate of nonradiative decay faster than 
the rate of radiative emission. In order for emission to be observed, it must occur very quickly (which is 
not very probable) and is only rarely observed, thus the low intensity. The second type of blinking was 
observed when the quantum dots were held at a positive potential, depleting midgap states of electrons. 
The blinking was mitigated with a thick, higher bandgap shell (Figure 1.2 D). This blinking has the same 
radiative relaxation rate as a normal nanocrystal but with reduced emission intensity, typically referred to 
as a gray state. In the proposed mechanism, a localized surface trap on the nanocrystal captures the hot 
electron, preventing its radiative recombination. This trapped electron later recombines with the valence 
band hole-returning the quantum dot to a neutral, emissive state. 
 
Figure 1.2. Results of single nanocrystal spectroelectrochemistry for a sample held at several voltages.28 In an 
experiment both the fluorescence lifetime and the intensity of emission are measured over a period of time (top). To 
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Figure 1.2. (cont.) discern between the various types of blinking, the photoluminescence intensity is plotted versus 
the average lifetime. (A) For a nanocrystal held at a slightly positive bias, there is very little blinking present from 
the sample and emission is essentially continuous due to the sample being prevented from accumulating a negative 
charge. (B & C) When the bias voltage is lowered, encouraging the accumulation of negative charges on the 
quantum dot, there is a high propensity for the sample to have weak emission with a fast lifetime due to competition 
with Auger recombination. (D) When the sample is held at a positive bias, depleting trap states on the surface of the 
nanocrystal, the exciton may decay into the trap state instead of recombining to produce fluorescence.  
Understanding the blinking and defect emission properties of a quantum dot and the relation to 
specific structural motifs would enable tailored syntheses for applications in which blinking and defect 
emission is undesirable. One of the earliest approaches attempted was tandem optical and atomic force 
microscopy.30 The approach showed that there is an intrinsically dark population of quantum dots that do 
not emit light. However, the scanning probe technique was unable to resolve structural details of the 
nanocrystals but could be used to deduce the electronic structure of the quantum dot.3 
Sequential optical microscopy and TEM is ideal to correlate optical properties to the crystal 
structure and defects with TEM’s sensitivity to single atoms. Initial proof-of-concept studies established a 
correlation between the overall nanocrystal geometry and polarization of the emitted light.31,32 Advances 
in imaging technology and techniques are enabling exact structural features to be seen. Buried interfaces 
of materials and crystallinity are more readily discerned now than ever.33 This is permitting the ideal 
core/shell quantum dot to be seen. A quantum dot that consistently emits light and rarely blinks has a 
uniform CdS shell that does not grow with the same symmetry as the core.34 This well-defined coating is 
essential to a quantum dots consistent fluorescence as there is little fluctuation in the quantum yield with 
time.35 
1.1.5: Optical Microscopy for Probing of Chemical Reactions and Catalysis 
 Single nanocrystal optical microcopy studies are not limited to static properties of nanocrystals; it 
can be used to be used to probe nanostructures undergoing reactions or dynamic phenomena. The best 
catalysts, i.e., ones with high turnover rates and/or numbers facilitate reactant adsorption, reaction, and 
desorption of product to the bulk solution, as per the well-known Sabatier principle. Such processes have 
been resolved by optical microscopy, where the use of a fluorogenic reactive substrate allows product 
turnover to be resolved as individual bursts of emission.36,37 The nanostructures themselves can also serve 
a dual role, as probes and catalytic substrates for a chemical reaction. The optical properties of a 
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nanocrystal are highly sensitive to the size, shape, composition, and carrier concentration, allowing easy 
probing by optical means.8,15,38,39  
 For instance, plasmonic nanostructures strongly scatter light and can easily be observed at the 
single-nanoparticle level via optical microscopy.40-42 One of the first observations of a dynamic process 
with single nanocrystal microscopy was the chemical reduction of gold nanocrystals.43 While it is atypical 
to encounter sizable changes in the carrier density for a metal, it is possible with a sufficiently strong 
reducing agent. The injection of electrons into the nanocrystal causes the localized surface plasmon 
resonance (LSPR) band to blue shift due to an increase in the bulk plasma frequency. Mulvaney and 
coworkers in this study measured a charge injection of up to 4,600 electrons per second. When the 
reductant is removed and the sample is allowed to stand, the LSPR red shifts back to the initial 
wavelength, signifying the reversal of the reaction, wherein the gold nanorods react with atmospheric 
oxygen, releasing 260 electrons per second. Similar charging and discharging studies could be employed 
for the study of electrochemical kinetics of catalytic noble metal nanocrystals. 
 Ag nanospheres undergo a galvanic exchange reaction with Au3+ (forming hollow Au/Ag 
nanostructures) that can be probed by a decrease in the plasmonic scattering intensity.44 This 
transformation showed a unique behavior that is unresolvable at the macroscale: individual nanoparticles 
transformed in a discrete, switch-like manner. While the ensemble level titrations showed a gradual shift 
in the extinction spectra and a decrease in absorbance, individual nanocrystal scattering spectra showed 
that the conversion happened in a discrete particle-by-particle manner rather than in a homogeneous 
fashion across all particles. Electron microscopy at midpoints of a reaction titration showed that the 
nanoparticles formed surface pits at intermediate stages. These pits nucleated from voids. When voids 
comprised of multiple Ag point vacancies were formed with a larger-than-critical size, there was 
spontaneous propagation of the reaction through the solid, oxidizing the entirety of the initial Ag 
nanospheres and leaving behind a Au/Ag shell templated by the initial morphology. Such a reaction is 
very similar to the corrosion of metals, where pits initially form on the surface of a metal instead of 
uniformly etching of the metal.  
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 One of the most exciting facets of monitoring a catalytic reaction with nanoscale resolution is the 
ability to pinpoint the active site of the reaction. To accomplish this, it is often necessary to use a mock 
nonfluorescent substrate that converts to a brightly fluorescent molecule, so as to sense the product 
turnover event. The conversion of resazurin to resorufin offers such a fluorogenic probe and is known to 
be catalyzed by small Au nanocrystals.36 Examining the turnover rate of individual particles (obtained by 
counting discrete fluorescence bursts occurring at the particle surface) showed that some Au nanocrystals 
had a very high affinity for the formed resorufin, while there was immediate dissociation from the surface 
in other cases. Such reactivity differences may not simply be due to variations in surface faceting but due 
to presence defects in the crystal structure. Most interestingly, it was found that an individual nanocrystal 
may switch between these two binding affinities.45 The interconversion of two adsorption behaviors is 
attributed to dynamic restructuring of the surface, forming a different active site. Super resolution 
microscopy of gold nanorods under conditions for catalytic conversion of amplex red to resorufin have 
shown significant heterogeneity over the length of individual nanorods with specific areas having a higher 
reaction rate even on the same crystal facet (Figure 1.3).46 The use of these fluorescent probes to 
interrogate chemical reactions has grown to encompass many catalysts: layered hydroxides,47 TiO2,37,48,49 
zeolites,50 Au-CdS,51 and carbon nanotubes52 
 
Figure 1.3. The oxidation reactivity of amplex red to fluorescent resorufin is much greater in some regions of a Au 
nanorod compared to the rest of the nanorod.46 
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 Probe molecules can give rich insight into a catalytic reaction, but there are many reactions, such 
as small molecule activation, with no fluorescent probe equivalent. Such “invisible” molecules can be 
examined with Raman spectroscopy. Raman signals are normally weak but can be enhanced within the 
hot spots of plasmonic nanostructures.53 These noble metal nanostructures can have strong catalytic 
effects involving the chemical activation of O2 and CO2.54-56 Super-resolution SERS microscopy can be 
used to examine the redox chemistry of noble metal nanoparticles, wherein the potential is varied and the 
Raman signal is observed.57 The Raman signatures of the reactant and product were not uniformly 
distributed over the nanocrystal. It was concluded that these nanocrystals had a varying overpotential over 
their surface. The overpotential variance leads to areas that oxidize first and reduce last or vice versa. 
Correlated electron microscopy and optical microscopy suggested that the overpotential for the reaction 
was lowest at plasmonic field hotspots.58 
1.2: Cation Exchange 
1.2.1: Cation Exchange of Nanocrystals 
 Cation exchange is the process of replacing the cation sublattice of an ionic solid with a foreign 
cation to form a new material.59 Such reactions have been known in the context of geological chemistry 
for decades and even had cursory use with nanostructures in the 90’s with the preparation of quantum dot-
quantum wells.60,61 The potential of such transformations was recognized by Son and coworkers in 2011 
with the conversion of CdSe quantum dots to Ag2Se nanocrystals.62 The complete nanocrystal conversion 
suggested that tuning of the reaction conditions allows for a bottom up approach for the synthesis of 
vastly more complicated nanocrystals. Some examples of such complexity include i) the creation of 
core/shell type nanostructures with reduced blinking, ii) control of mixed phase composition for precise 
adjustment of band gaps for tailored emission profiles, iii) introduction of dopants to increase carrier 
concentrations, or iv) even fundamentally studying the transport of ions in the solid state.3,63,64 Currently 
the preparation of complex nanostructures requires painstaking development of new synthetic 
protocols.65,66 Since cation exchange modifies existing, well defined templates, it circumvents the need for 
time intensive optimization. In addition, one can access structures that otherwise may lack 
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thermodynamic stability.59,67 While cation exchange has begun to interlink numerous compounds, the 
breakthrough examples emanate from cadmium chalcogenide nanocrystals, the hot-injection synthesis of 
which is well developed.68 This class of nanocrystals serve as the perfect template; the size and shape are 
readily controlled with minimal polydispersity.69 
1.2.2: Anionic Lattice Preservation 
The anionic sublattice is typically found to be preserved in the cation exchange process. The large 
anions do not significantly diffuse significantly over the course of cation exchange. This seemingly 
simple feature is one of the most powerful aspects of the entire reaction. This kinetically locked 
substructure allows for shape preservation and access of metastable crystallographies. Such preservation 
of structure is not true for other templated reactions such as galvanic exchange.44  
The first indication of the low anion diffusivity was the original observation that the nanocrystal 
geometry was preserved after exchange.62 Rods, tetrapods, and other more complicated morphologies 
retained their original shape even though the composition was drastically modified in the course of 
exchange. The low anion diffusivity was further showcased with the exchange of CdSe/CdS core/rods 
nanocrystals with Cu+ and Pb2+.70 The distinct Se-containing core embedded within the CdS rod was 
maintained in size and location following Cu+ exchange as shown by scanning transmission electron 
microscopy (Figure 1.4 A). Taking advantage of the reversibility of cation exchange, the copper 
chalcogenide was reconverted to the original cadmium chalcogenide composition. Even when reversed, 
the resulting nanocrystals were found to be identical in structure and in their characteristic optical 
absorption and emission spectra to the original sample. Essentially, the nanocrystal size, shape, and 
compositional interfaces were preserved in the course of multiple exchanges, a manifestation of the 
topotactic nature of the transformation, allowed by the preservation of the anion framework. The specific 
high energy geometries and compositional interfaces would not have been preserved had the exchange 
process involved dissolution-precipitation or significant anion transport.  
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Figure 1.4. (A) Annular dark-field STEM imaging of CdSe/CdS core/rod nanocrystals exchanged to the equivalent 
Cu2Se/Cu2S nanocrystals.709 The preservation of the Se rich core means the anion sublattice does not significantly 
restructure during the course of the reaction. (B &C) CdSe nanocrystals of two different crystal morphologies 
undergoing a two-step exchange to ZnSe.67 Crystallographic information is preserved through the exchange process 
resulting in ZnSe with the same crystallography as the starting CdSe.  
In an exchange reaction, crystallographic information can be preserved despite the change in the 
composition of the nanocrystal. CdSe nanocrystals can be readily synthesized in two crystal 
morphologies: zinc blende and wurtzite (Figure 1.4 B & C respectively).16,68 These crystallographic 
phases result in products with distinctly different crystals structures when they are exchanged with Cu+, 
tetragonal and hexagonally close packed, respectively.67 Likewise, the subsequent exchange of CdSe to 
ZnSe results in crystal structures that are equivalent to the starting CdSe phase. A similar procedure has 
been used to convert Cu2-xS to metastable crystal phases of CoS and MnS.71 These templated exchanges 
directly show that the cation exchange reaction is a topotactic transition; the product is 
crystallographically related to the parent material.59 This may also be seen as the most generalized case of 
anionic framework preservation where not only is the diffusion of the anion minimal on the length-scale 
of the structure, but also atomistically. This rigid anion structure, however, can be detrimental if the strain 
between the nonequilibrium and equilibrium structures is great enough. When CdTe is exchanged to PtTe 
or PdTe it can cause the formation of voids or even fragmentation of the nanocrystal due to internal 
stress.72 This fracturing could possibly be overcome by performing such reactions at elevated 
temperatures, such that the anion lattice is more mobile and strain can be relieved as the reaction 
proceeds. 
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1.2.3: Accessing Novel Compositions through Cation Exchange 
Cation exchange of cadmium chalcogenide nanocrystals with Cu+ is one of the most common and 
also the most complex. Copper chalcogenides exist in a plethora of crystal structures due to the presence 
of copper vacancies.73 Most attempts at synthesizing Cu2S result in substoichiometric materials (Cu2-xS).74 
However, the fully stoichiometric Cu2S, high chalcocite, is readily formed via cation exchange and can be 
tuned via oxidative copper removal though all the possible stoichiometries and the associated crystal 
structures.73,75 The fully stoichiometric material was key to the confirmation of localized surface plasmon 
resonances in semiconductor nanomaterials.11 
 Cation exchange can be used to create a whole host of new materials. In metal sulfides, a wide 
variety of cations may be interconverted: Co(II),71 Mn(II),71 Cd(II),62 Ag(I),62 Hg(II),76 Pb(II),77,78 Zn(II),70 
Au(I/III),79 In(II),80 Pd(II),72 Pt(IV),72 Sn(IV),81 and Ni(II)82. These cations, however, can exchange in two 
very different ways: one involving the formation of nanoheterostructures where the product forms a 
distinct new domain separate from the original nanostructure and a second involving the formation of a 
continuous set of solid solutions in the nanocrystal.83-85 The difference lies in the miscibility of the 
reactant and product phases. At the earliest points in the reaction, cation exchange may be used to dope 
the nanostructure creating unique magnetic, optical, or electronic properties.64,86-88 This huge array of 
reactions in combination with the still underdeveloped anion exchange reactions should allow, in theory, 
for any arbitrary composition to be created.89,90 
1.2.4: Mechanistic Insights into Cation Exchange 
 While generalized principles have allowed the cation exchanged-based synthesis of different 
structures, precise control of the final phase or the dopant profile is not fully established, which is why 
there is interest in mechanistic understanding of the process. Such aspects that are thought to be known 
are summarized in this section. Cation exchange is typically quite facile, often going to completion in a 
few seconds. The rapid rate of reaction is due in part to the high surface area to volume ratio, which limits 
the distance a cation must diffuse in the solid (typically a slow process). This is a stark contrast to bulk 
materials where the diffusion of the nonnative cations to the reaction front is a slow process. This can lead 
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to the diffusion of the nonnative cations becoming the rate limiting step.91 The speed of reaction can be 
accelerated by increasing the number of vacancies in the nanocrystal.74 The large number of vacancies 
speeds up cationic diffusion, thereby increasing the speed of the reaction. 
 Nanocrystals are highly faceted. Different geometries are an outcome of preferential growth 
along certain crystallographic directions. The strong facet dependence of nanoscale reactivity is echoed in 
some cation exchange processes (Figure 1.5 A-C). The exchange of CdS nanorods (grown along the 
[0001] direction)69 with Cu(I) occurs predominantly along the [0001] direction.92 The nanorods showed 
no exchange perpendicular to this direction unless a defect was present. The axis itself is asymmetric with 
up to a nine-fold preference for the (0001̅) face (Figure 1.5 D). The preferential exchange was explored 
with density functional theory (DFT) calculations of the interface formation energy. The interfaces 
showed a two-and-a-half-fold difference between the two (0001) faces and a seven-fold difference for 
directions perpendicular to the rod. Such facet selective reactivity can also be used to form highly faceted 
PbSe/CdSe nanocrystals.33 PbSe nanocrystals exchanged with Cd(II) resulted in PbSe cores covered in a 
CdSe shell. The PbSe cores displayed (111) facets. The facet selectivity results from the (111) direction 
being the least reactive. The other more reactive planes get selectively consumed via exchange such that 
the (111) is displayed. In other studies, preferential growth has been found to be overcome with reagents 
that strongly bind the native cation, thereby lowering the energetic difference between different facets.72 
  
13 
 
 
Figure 1.5. (A-C) Energy filtered TEM imaging of CdS nanorods that have undergone partial cation exchange with 
Cu+.92 Darker areas of the nanorod are CdS while bright regions are Cu2S. CdS nanorods were subjected to kinetic 
control (A, green & B, red) and thermodynamic control (C, blue). (D) Histogram comparing the asymmetry of the 
exchange along the (0001) axis. A reaction allotted to progress under kinetically limited conditions results in 
exchange occurring with minimal specificity for the direction of the crystal axis. When the reaction is performed 
with a slow addition of the reagent (thermodynamic limit) a clear preference for one of the (0001) directions is 
observed. (E) Fraction of the nanorod that was found to be exchanged.  
 The strong dependence of faceted exchange seen in Cu(I) exchange is not seen with Ag(I). The 
exchange of CdS nanorods with Ag+ initially forms Ag2S patches along the length of the CdS nanorods.93 
The Cd-S-Ag interface has favorable formation energies leading to the formation of small islands of 
Ag2S.92 As these small islands of Ag2S grow larger, they coalesce into the larger stripes to minimize the 
strain resulting from newly formed CdS-Ag2S interfaces. Minimization of the strain in the CdS domain 
between these segments results in the stripes being periodic.94 If the segments were brought into close 
proximity, the strain would greatly increase; therefore these individual Ag2S islands remaining spaced 
from one another. Introducing more Ag+ to the system increases the chemical potential overcoming the 
strain barrier leading to growth of Ag2S domains down the long axis of the nanorod.  
 The feasibility of a given cation exchange reaction can often be estimated from known 
thermodynamic parameters.95 Formation energies have been experimentally determined for most metal 
chalcogenides and solvation energies are known for these ions in solution, allowing a simple calculation. 
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Such calculations only partially describe cation exchange as two major assumptions must be made: 1) the 
presence of aqueous conditions and 2) the validity of bulk formation energies for nanocrystallites. The 
first assumption is often invalid, because the solvation environment can dictate the favorable direction of 
the exchange. The use of ligands that preferentially bind the native cation is one method by which the free 
energy of the reaction can be varied enough to allow a change in reaction direction. This tuning is 
illustrated with the so-called reverse reaction of Cu2S to CdS. Typically, when a CdS structure is subject 
to a solution of Cu+, the ions rapidly replace the Cd2+ forming Cu2S. However, the addition of a phosphine 
ligand permits the reverse to occur. The soft base phosphine preferentially binds the softer acid Cu+, i.e. a 
more exothermic process than the formation of the same complex with the harder acid, Cd2+. The 
applicability of the second assumption can vary due to the high proportion of surface area to volume of 
nanocrystals. A large fraction of surface atoms leads to a large deviation from the bulk. The high ratio 
means that ligands and surface relaxation can greatly influence the formation energy of the crystallite. 
Surface ligands can complex with surface ions leading to a different energy of formation when compared 
to the bulk crystal. Anion framework conservation can also invalidate this assumption as the products of 
cation exchange often form metastable structures with entirely different energies of formation than those 
of the most thermodynamically stable structures.  
 Kinetic studies have revealed that cation exchange proceeds rapidly. In one such study, a 
combination of microfluidics and X-ray absorption spectroscopy was used to probe the intermediates 
formed as the conversion of Cu2S nanorods to Ag2S nanorods occurred with millisecond kinetics.96 While 
X-ray absorption spectroscopy is sensitive to the element specific environment of the nanocrystal, no 
mixed CdS/Ag2S nanocrystals were found in the course of exchange. The spectra indicated the presence 
of nanocrystals containing either CdS or Ag2S. The lack of intermediate structures of mixed phase 
suggests the reaction is discrete on the level  
A second finding is that while the majority of the reaction is complete on a rapid timescale, there 
may still be residual foreign cations that are expelled at a slower rate.97 In the conversion of Cu2Se to 
CdSe, the full luminescence corresponding to the CdSe composition is not immediately recovered. The 
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absorption spectra and diffraction patterns of this weakly luminescent nanostructure match CdSe and 
TEM shows that the nanocrystals are crystalline. When this solution of nanocrystals is heated with excess 
ligand which preferentially binds Cu+, the remnant Cu+ impurities are removed luminescence readily 
appears.  
1.3: Optical Microscopy for Monitoring Cation Exchange 
 Optical microscopy is uniquely suited for probing in real time cation exchange at the individual 
nanocrystal level. In particular, the bright fluorescence of CdSe nanocrystals is quite convenient as a 
probe of the transformation (Chapter 2).98 Individual nanocrystal fluorescence trajectories provided 
information of when and how an individual nanocrystal reacts in the context of the ensemble behavior, 
which led us to the finding of a cooperative reaction mechanism. Later, we identified from single-
nanocrystal trajectories that in the temporal vicinity of the reaction, a nanocrystal displays much more 
intermittent emission (Chapter 3).99 This increase in intermittency reflects the incorporation of defects and 
dopants as the nanocrystal gets primed for a cation exchange transformation. The trend in intermittency 
also serves as a tell-tale of how long a nanocrystal spends in the intermediate stages of cation exchange. 
While the single-nanocrystal kinetics studies that showed cooperative behavior were performed for an 
exchange reaction with Ag+, the exchange of CdSe nanocrystals with Hg2+ represents the other extreme in 
its kinetic behavior. Ongoing ensemble experiments that follow the structural and chemical changes in the 
course of exchange with Hg2+ are shedding light on what appears to be a new reaction mechanism relative 
to the case of Ag+ (Chapter 4). We have also set the stage to watch single nanocrystals convert 
continuously through a range of compositions with distinct optical signatures. The insights from such 
single-nanocrystal studies are going to be invaluable not only for cation exchange, but also for 
understanding basic phenomena like ion transport, defect formation, and phase transitions.  
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Chapter 2: Single Nanocrystal Reaction Trajectories Reveal 
Rapid Switching* 
2.1: Abstract 
Whereas pathways of chemical reactions involving small molecules are well understood, 
dynamics of reactions in extended solids remain difficult to elucidate. Frequently, kinetic studies on bulk 
materials provide a picture averaged over multiple domains or grains, smearing out interesting dynamics 
such as critical nucleation phenomena or sharp phase transitions occurring within individual, often 
nanoscale grains or domains. By optically monitoring a solid-state reaction with single nanocrystal 
resolution, we directly identified a unique, previously unknown, reaction pathway. Reaction trajectories 
of single cadmium selenide nanocrystals undergoing ion exchange with silver reveal that individual 
nanocrystals exhibit rapid switching to the silver selenide phase. The gradual reaction progress in 
ensemble-scale kinetics of cation exchange is actually comprised of these sharp single-nanocrystal 
switching events. Each nanocrystal exhibits a distinct waiting time before undergoing a switch. Statistical 
distributions of waiting times suggest that the reaction is a co-operative transition rather than a diffusion-
limited cation-by-cation exchange. Such insight, achievable from single nanocrystal reaction studies, 
furthers mechanistic understanding of heterogeneous reactions, solid-state catalysis, bottom-up 
nanostructure growth, and materials’ transformations and degradation in reactive environments. 
2.2: Introduction 
Even in macroscale solid-state systems, chemical, structural, or electronic transitions are 
frequently initiated or nucleated within nanometer-sized clusters of atoms. Some key examples, where 
this has been directly verified, include the formation of atmospheric aerosols,1 calcium carbonate scale 
formation,2 crystallization of iron oxide and oxyhydroxide from solution,3,4 and formation of dopant metal 
clusters in silicon carbide.5 The ability to probe nanoscale regions of an extended solid undergoing a 
transition enables mechanistic, potentially atomistic, insight. Conventional bulk techniques for monitoring 
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transitions, while informative, are limited for developing such insight. This limitation is because these 
techniques average over large numbers of nanoscale nuclei. Since different nuclei are not temporally in 
phase with each other during a transition and because heterogeneities exist between different nuclei, 
ensemble-averaging results in loss of dynamic information and the plethora of accompanying mechanistic 
information.  
A process ubiquitous in solid-state minerals is the mineral replacement reaction,6,7 recently 
popularized in the form of ion exchange in semiconductors,8 e.g., 
CdSe(s) + 2 Ag
+
(MeOH) ⇋ Ag2Se(s) + Cd2+(MeOH) 
where the cadmium ions in a cadmium selenide crystal are replaced by silver ions, which results in the 
formation of a silver selenide crystal and the release of cadmium ions into the solution. The reaction is 
mechanistically rich due to several reasons: a) The kinetics are rapid in nanosized crystals,9 thought to be 
due to easy diffusion of ions into a nanocrystal lattice with high surface/volume ratio. Nanocrystals of ca. 
5 nm undergo the reaction in seconds at room temperature, whereas a bulk crystal may require days to  
months at elevated temperatures. b) During cationic replacement, the anionic framework of the crystal 
appears to be largely maintained as seen from past transmission electron microscopy studies.10 As a result, 
size, shape, and morphology of the nanocrystals are preserved during the reaction. c) From X-ray 
crystallography and related structural studies, the transformation appears topotaxial, allowing products 
with non-equilibrium or metastable crystal structures to be templated.11   
In-depth mechanistic understanding would allow cation exchange to be exploited for atomically 
precise templating of complex semiconductor nanostructures with utility in photovoltaics, light-emitting 
diodes, and display applications.12-14 Characterization of cation exchange in nanocrystals has been 
somewhat informative, but studies involving a large ensemble – typically a colloidal solution or thin film 
– of nanocrystals do not provide a dynamic picture of how ions exchange. To avoid the loss of dynamic 
information by ensemble-averaging, we monitored single nanocrystals undergoing cation exchange in a 
microfluidic cell (see 2.5.6: Flow cell preparation and 2.5.7: Single nanocrystal microscopy experiments). 
Akin to the approach used in single-molecule biophysics/enzymology/catalysis,15-20 we employed in-situ 
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optical imaging to obtain kinetic trajectories of ion exchange of individual nanocrystals. Single-
nanocrystal reaction trajectories reveal the ion exchange process is more akin to a sharp co-operative 
phase transition rather than a diffusion-limited exchange. In-situ liquid-phase transmission electron 
microscopy21 remains a powerful alternative for such single-nanocrystal studies, but chalcogenides and 
silver ions are both susceptible to electron beam effects, making it difficult to monitor the reaction 
without significant perturbation, especially in reactive environments.  
2.3: Results & Discussion 
We took advantage of the excitonic emission of CdSe nanocrystals22 as a single-nanocrystal-
sensitive probe of the cation exchange reaction. The CdSe nanocrystals, typically 3.5 nm in diameter, 
were surface passivated with an inorganic layer of cadmium sulfide (CdS) to enhance their brightness23 
and photostability under microfluidic imaging conditions. The CdS layer is known not to modify the 
propensity for cation exchange or the attributes of the reaction.10 The 1Se-1Sh excitonic emission of 
CdSe/CdS nanocrystals at 2.05 eV is sensitive to Ag+ ions, as shown in an ensemble-level titration 
(Figure 2.1). With increasing Ag+ concentration, the emission band of the nanocrystal ensemble 
progressively decreases in intensity as attributable to an increasing degree of Ag+ incorporation in the 
ensemble.24 The emission peak position does not shift or broaden, implying that the size of the emissive 
CdSe core remains unchanged over the course of the titration. Upon completion of exchange, the 
emission intensity reaches zero since Ag2Se nanocrystals (an infrared band-gap material) do not have 
emission in the visible region.  
Using 50-ms time-resolution video microscopy, cation exchange of a wide-field of several well-
separated nanocrystals, immobilized inside a microfluidic flow cell, was monitored at room temperature 
under flow of a methanolic Ag+ solution (supplementary movie M1). As a function of time elapsed since 
the start of the flow, the overall emission of all nanocrystals in the field-of-view decreased sigmoidally, 
signifying progress of cation exchange, until the intensity reached the noise floor in about 35 s (Figure 
2.2). Imaging of single nanocrystals subject to flow of methanol with no Ag+ showed only a small, 10%-
or-less drop in intensity. This control experiment ensures that over the 100-s time frame of the 
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experiment, nanocrystals are largely stable against intensity losses resulting from photobleaching, 
photooxidation, or washing off by methanol (2.6: Additional Figures). 
 
 
 
Figure 2.1. Imaging cation exchange using single-nanocrystal fluorescence emission (top) Schematic of the 
total-internal reflection fluorescence setup used to monitor cation exchange of well-separated single CdSe/CdS 
nanocrystals immobilized inside a microfluidic flow cell. Methanolic solution of AgNO3 was flown at a controlled 
rate using a syringe pump. A 457-nm laser was used to excite the nanocrystals and the fluorescence emission was 
imaged on an EMCCD. (bottom, left) An ensemble-scale titration shows that the fluorescence emission of a solution 
of CdSe nanocrystals decreases in intensity with the addition of increasing amounts of silver nitrate. This decrease is 
attributable to an increasing degree of cation exchange of Cd2+ with Ag+, resulting in the formation of non-
fluorescent Ag2Se/Ag2S nanocrystals. (bottom, right) The integrated emission intensity is shown as a function of the 
amount of Ag+ added. On the basis of ensemble experiments, emission intensity was chosen as a probe of cation 
exchange in single nanocrystals. 
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Figure 2.2. Imaging reveals sharp single-nanocrystal transitions. (top, left) Select-area snapshots from video 
microscopy of cation exchange at time t = 0, 4.1, 8.3, and 12.1 s show that emission intensities of individual 
nanocrystals turn OFF one-at-a-time. The entire movie is available as supplementary material. ON/OFF switching is 
highlighted for three representative nanocrystals, marked by white circles. (top, right) Black trace shows the time-
trajectory of emission intensity averaged over several hundred nanocrystals in the entire field-of-view. This wide-
field intensity decreases sigmoidally with time, representing the ensemble-averaged kinetics of cation exchange. 
Time trajectories from eight representative nanocrystals are also shown, depicting that individual nanocrystals make 
a rather rapid switch from having an ON intensity, albeit convoluted with blinking, to having a permanently OFF 
intensity level, i.e., the non-fluorescent Ag2Se state. The wide-field trajectory is comprised of several of these quasi-
discrete single-particle switching events. (bottom) A single-nanocrystal trajectory is shown with a magnified time 
axis demonstrating that the single-nanocrystal switch, while rapid in time, is not instantaneous relative to the 50-ms 
time-resolution of the imaging. A sigmoidal fit is also shown in red. For these experiments, the flow rate and 
concentration of AgNO3 solution were 75 µL/min and 10 µM respectively. Note that in these experiments it is 
difficult to accurately determine the time at which Ag+ enters the cell, making t = 0 somewhat arbitrary. 
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The sigmoidally-decreasing wide-field trajectory (black curve in Figure 2.2 top, right panel) 
simply reflects the ensemble-averaged kinetics of cation exchange.25 However, inspection on the level of 
single nanocrystals reveals that the cation exchange reaction progresses via individual nanocrystals 
turning OFF one-at-a-time. Each individual nanocrystal is observed, from its emission intensity trajectory 
(Figure 2.2 top, right panel), to make a rather rapid switch from having an ON emission intensity level 
(albeit convoluted with blinking behavior) to being permanently OFF (i.e., the Ag2Se nanocrystal state). 
The gradual ensemble kinetics is thus comprised of several of these quasi-discrete single-nanocrystal 
switching events. This finding leads us to a dynamic picture of the cation exchange process where entire 
nanocrystals switch one-at-a-time from CdSe to Ag2Se on a timescale much faster than the overall 
reaction kinetics. A single-nanocrystal transition, while rapid compared to the more gradual wide-field 
kinetics, is certainly not instantaneous (Figure 2.2 bottom panel). A typical transition occurs over a finite 
duration (typically few 100 ms, albeit with large variation), during which the nanocrystal likely 
incorporates several Ag+ ions, until it reaches the Ag2Se state and turns permanently OFF. Note that if 
emission was quenched by a single Ag+ doping the nanocrystal, the event would appear instantaneous 
relative to the 50-ms time resolution of the experiment, which we did not find to be the case.  
Each nanocrystal makes a switch at a distinct time t. The amount of time t, relative to an arbitrary 
t = 0, a nanocrystal “waits” to perform a switch is termed as the waiting time. A distribution N(t) of 
waiting times for hundreds of individual nanocrystals is shown in Figure 2.3. This distribution gives 
insight into the reaction dynamics. Single-step diffusion-limited reactions are memoryless: the probability 
of a transition occurring is the same irrespective of time and therefore an exponential distribution of 
waiting times, 𝑁(𝑡) α e−kt is expected. Instead, we observed a peaked distribution of waiting times, 
which implies that the probability of a transition is not constant in time but rather it is enhanced by the 
success of past reaction events.  
A memoryless process involving diffusion-limited ion exchange can explain neither the rapid 
switching of single nanocrystals nor the peaked distribution of waiting times. However, both observations 
can be explained by considering ion exchange to be positive co-operative, where a nanocrystal that has 
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already undergone one or few Ag+ exchange events has a far higher propensity for additional Ag+, as 
compared to another nanocrystal that has undergone no exchange. For each nanocrystal, the first one or 
few exchange events serve as a form of pre-nucleation or activation,26,27 following which the nanocrystal 
undergoes a rapid burst of Ag+ exchange and makes a sharp transition to Ag2Se. 
A stochastic reaction model that incorporates positive co-operativity between exchange events on 
the same nanocrystal reproduces all the experimentally observed features (Figure 2.4, left). The simulated 
time-trajectory of ion exchange for an ensemble of 200 nanocrystals showed, similar to the experiment, 
sigmoidal kinetics with slow induction at early times. Single-nanocrystal trajectories revealed sharp 
transitions that are much more rapid than the ensemble kinetics. In these simulations, Ag+ exchange 
events with an already “activated” nanocrystal were assumed to be more favorable by 0.1 eV (see 2.5.12: 
Stochastic reaction model used for simulations) compared to a nanocrystal that has not undergone any 
Ag+ exchange events. When this positive co-operative bias is removed, diffusion-limited behavior is 
simulated (Figure 2.4, right): the ensemble and all individual nanocrystals follow similar hyperbolic 
growth trajectories, with no sharp single-nanocrystal transitions. Positive co-operativity28 appears 
necessary for simulating the experimentally observed behavior. 
Simulations also confirm the peaked distribution of single-nanocrystal waiting times measured in 
experiment (see inset in Figure 2.4). At early times, i.e., in the pre-nucleation period, the probability of a 
nanocrystal transition occurring is low. With elapsing time, as increasing opportunities for activation 
events are provided, the transition probability rises and so does N(t). Once the probability reaches a 
maximum (near the peak of the distribution) a large number of nanocrystals make a transition. Beyond 
this point, the overall population of nanocrystals decreases resulting in a fall in the distribution.  
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Figure 2.3. Statistical analysis of single-nanocrystal switching events (left) Single-nanocrystal waiting times 
exhibit a peaked distribution. A peaked distribution indicates that the process is not diffusion-limited or memoryless, 
rather it involves intermediate or pre-nucleation steps. Distributions are shown for four different Ag+ concentrations. 
Waiting times were determined as described in the supplemental information. To account for experiment-to-
experiment variations, multiple (between one and six) trials were performed at a given concentration until enough 
particle statistics were obtained. Waiting time distributions from different trials were combined together after 
centering at their maxima. (right) The width of the distribution, obtained by Gaussian fitting, is a function of the Ag+ 
concentration, as shown by the red curve: higher the concentration, narrower the distribution. However the single-
nanocrystal switching time is independent of the concentration, as shown by the black curve. For single-nanocrystal 
switching times, average (τ) and standard deviation (error bars) were determined at each concentration from at least 
70+ nanocrystals. 2.5.10: Optical Microscopy Data Processing outlines the procedure for determination of switching 
times from individual nanocrystal trajectories. 
 
 This physical model is further supported by a study of the effect of Ag+ concentration. An 
increase in the Ag+ concentration increases the rate at which nanocrystals undergo collisions with 
incoming Ag+ ions. The single-nanocrystal waiting times exhibit a tighter distribution, as attributable to 
an increase in the frequency of potential events (Figure 2.3). On the ensemble level, this is manifested in 
faster kinetics. At the highest Ag+ concentrations, the width of the distribution approaches the (average) 
single-nanocrystal switching time τ. Essentially, in the high-concentration limit, the availability of Ag+ is 
no longer limiting for any nanocrystal. All nanocrystals make a transition in a very narrow window of 
time and the ensemble rate is limited only by the intrinsic switching rate of a nanocrystal rather than by 
the spread in waiting times.  
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Figure 2.4. Stochastic model for dynamics of nanocrystal transitions (Left) A stochastic model that incorporates 
positive co-operativity between ion exchange events reproduces the experimental observations. The ensemble 
kinetics of ion incorporation (top panel) follows a sigmoidal trajectory as seen in experiment. However, this 
ensemble trajectory is comprised of several sharp single-nanocrystal transitions, as shown by ten representative 
single nanocrystal trajectories (bottom panel). Each one of the 200 nanocrystals undergoes a switch at a distinct 
time. The distribution of waiting times (inset) shows a peaked distribution, similar to that seen in experiment. 
(Right) On the other hand, a diffusion limited-model of cation exchange, lacking any co-operativity, follows a 
hyperbolic curve both at the ensemble level (top panel) and on the level of single nanocrystals (bottom panel). No 
sharp single-nanocrystal transitions are seen. Details of the model are described in 2.5.12: Stochastic Reaction 
Model Used for Simulations. Each unit of time on the x-axis corresponds to the period between successive Ag+ ions 
becoming available to the ensemble. Modeling was performed by P. K. J. 
 
2.4: Conclusions 
While the stochastic nature of chemical processes is well known, single-domain microscopy is 
only now enabling direct visualization of this stochasticity.15 Statistical information obtained from the 
single-particle trajectories is free of ensemble-averaging and therefore rich in mechanistic insight. 
Biophysicists have successfully exploited single-molecule studies16 to uncover structural dynamics in 
complex biomolecular processes. Single-nanocrystal studies have the potential for analogous advances in 
understanding of complex materials, heterogeneous catalysis, and emergent phenomena. For instance, the 
finding of positive co-operative dynamics may not be limited to ion exchange. Co-operativity may be 
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ubiquitous to the solid-state, where transformations often involve complex interactions between atomic 
sites, such as those involving epitaxial matching, strain, or lattice defects. Co-operative dynamics may 
also bear a close relationship to critical nucleation phenomena29 and phase transitions that are so widely 
common in materials science.  
2.5: Methods 
2.5.1: Reagents and Instrumentation 
 Nonanoic acid, trioctylphosphine oxide (TOPO), trioctylphosphine (TOP), selenium, sulfur and 
anhydrous solvents were purchased through Sigma Aldrich and stored in an argon filled glovebox (O2 < 
1ppm). Propylphosphonic acid was purchased from Sigma Aldrich. Silver nitrate and cadmium oxide 
were purchased from VWR. Deionized water (18.3MΩ) was acquired from a Barnstead Nanopure water 
system. Octadecylphosphonic acid (ODPA) was purchased from PCI Synthesis. All chemicals were 
purchased at the highest purity available and used without further purification. All manipulations were 
performed under an argon atmosphere unless otherwise mentioned. Absorption spectra were taken on a 
Shimadzu UV-3600 with 1-nm resolution at medium scan speed. Photoluminescence (PL) spectra were 
taken on a Cary Eclipse Fluorescence Spectrophotometer. Spectra were recorded with quartz cuvettes 
sealed under argon. Transmission Electron Microscopy was performed on a JEOL 2010F operating at 
200kV. 
2.5.2: Synthesis of CdSe Nanocrystals 
An adapted procedure from Carbone et al. was employed to make CdSe nanocrystals, which were 
then used as seeds for further preparation of core/shell nanocrystals and seeded nanorods.30 A 50mL three 
neck flask was charged with 119 mg cadmium oxide, 5.97 g TOPO, 0.562 g ODPA and a small Teflon 
stir bar. The flask was connected to a Schlenk line and a thermocouple inserted into the mixed solids 
through a Teflon thermocouple adapter. The flask was purged with argon for 20 min and heated 70°C and 
allowed to melt before reaching a final temperature of 150°C. Once a stable temperature was reached, 
vacuum (<100 mtorr) was applied to the flask for 1 hour. Argon flow was restored to the flask and 
heating continued to 320°C. The reaction mixture turned optically clear at ca. 280°C. Excess material that 
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had accumulated on the walls of the flask during evacuation was brought down into the solution at this 
point by gently swirling the flask and allowed to react for an additional 20 min. 3.090 g TOP was added 
drop wise to the mixture such that no white vapor was observed when a drop was introduced. 
Simultaneously trioctylphosphine selenide (TOP:Se) was prepared by combining 0.178 g elemental 
selenium and 1.088 g TOP in a glove box and allowed to stir with mild heating. The reaction flask was 
covered in glass wool and the temperature elevated to 370°C and allowed to stabilize before swiftly 
injecting 0.830g of TOP:Se. The reaction proceeded for 1 min before the heating mantle and glass wool 
were removed while maintaining stirring. Once at room temperature, the resulting solution was 
transferred to an argon-filled glovebox for storage and purification.  
2.5.3: Nanocrystal Sample Purification 
 The mixture brought into the glove box was diluted with toluene and divided into two portions. 
Each portion was purified in the same manner. Nonanoic acid and methanol were added to precipitate the 
nanoparticles and the cloudy solution centrifuged in airtight vessels to collect the nanocrystals. The 
solvation and precipitation process was repeated twice more with toluene/methanol, followed by the same 
in hexane/isopropanol, and finally suspended in hexane. The size and concentration of the nanocrystals 
was estimated to be 3.4 nm based on the location and intensity of the first excitonic transition in the 
absorbance spectra.31  
2.5.4: Synthesis of Core/Shell CdSe/CdS Nanocrystals 
 To synthesize core/shell particles, the CdSe nanocrystal procedure from above was adapted. 
Briefly, a three neck flask was charged with 59 mg of CdO, 3.22 g TOPO and 274 mg ODPA. This was 
heated to 150°C and vacuum was applied for 1 hr. Argon flow to the flask was restored and the 
temperature was increased to 340°C. The mixture turned optically clear and excess material was removed 
from the flask walls by gentle swirling. The solution was then allowed to become optically clear again 
before proceeding. TOP (1.56g) was slowly added to the flask. Meanwhile 10-9 moles of nanocrystals 
were dried under vacuum and suspended in 513 mg TOP via sonication. The TOP-dissolved nanocrystals 
and 409 mg TOP:S were then rapidly injected into the solution one after another respectively. The 
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nanocrystals were allowed to grow for 10 min. The heat source was then removed and 7 mL of toluene 
was added to the yellow solution causing a rapid drop in temperature. The now orange solution was 
transferred into an argon glove box, where it was purified as previously described. Transmission electron 
microscopy (TEM) grids were prepared by vacuum drying ~10μL of a dilute solution of nanocrystals on 
an ultrathin carbon film on holey carbon copper TEM grid (Ted Pella) suspended in air with the use of a 
pair of tweezers. 
2.5.5: Synthesis of Low-Aspect-Ratio CdSe/CdS Seeded Rods 
 Low-aspect ratio seeded rods were synthesized as described by Talapin et al.32 Briefly, a three 
neck flask was charged with 196 mg of CdO, 3.349 g TOPO and 1.005 mg ODPA and 13 mg 
propylphosphonic acid. This mixture was heated to 150°C and vacuum was applied for 1.25 hours. Argon 
flow to the flask was restored and the temperature was increased to 320°C. The mixture was allowed to 
turn optically clear and excess material was removed from the flask walls by gentle swirling. The solution 
was then allowed to react for 10 minutes. The temperature was reduced to 150°C and vacuum was 
restored slowly due to bubbling of the solution. After 1 hr, the flask was placed under argon and heated to 
340°C. During the heating, 10-9 moles nanocrystals were dried under vacuum and suspended in 0.5 g 
TOP. Once at 340°C, 1.535g TOP was slowly added to the flask and allowed to equilibrate for 5 min. 
Swiftly, 0.358 g TOP:S was injected and 20 s was allowed to elapse before injecting the CdSe nanocrystal 
TOP solution, following which the temperature was decreased to 320°C. The growth proceeded for 6 
minutes, after which 11 mL of toluene was injected to stop the growth. The room temperature solution 
was brought into the glovebox for purification. TEM grids were prepared by vacuum drying ~10 μL of a 
dilute solution of nanocrystals on an ultrathin carbon film on holey carbon copper TEM grid (Ted Pella) 
suspended in air with a pair of tweezers. 
2.5.6: Flow Cell Preparation 
All single-nanocrystal microscopy was carried out in home-built flow cells. Flow cells were 
prepared immediately prior to use as described by Xu et. al.17 Quartz slides (3 inch x 1 inch Technical 
Glass Products) were drilled (~1.75 inch apart) with a 1-mm diamond coated drill bit at ~20 kRPM under 
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water. Slides were cleaned by soaking in hot concentrated NaOH, thoroughly rinsed with water, and dried 
with soft wiping with Kimwipes. A dilute solution of the purified CdS/CdSe nanocrystals was removed 
from the glovebox with no further precautions taken for an oxygen free environment. The cleaned slides 
were spun at 5k RPM while the dilute nanocrystal solution was dropped onto the surface. Polyethylene 
tubing (Instech Laboratories, 0.076 mm ID) was inserted into the drilled holes and glued into place with 5 
minute-epoxy (Loctite) and allowed to cure for at least 15 min. Double sided tape (3M) placed along each 
long edge of the slide defined the height of the flow channel (~60 µm). Epoxy was applied around the 
interior edges of the tape to create a liquid tight seal and a 15 x 60 mm was coverslip placed on top of the 
tape and gently pushed down so that the epoxy spread evenly. The cell was then allowed to dry for at least 
1 hr before imaging experiments were performed.  
2.5.7: Single-Particle Microscopy Experiments 
Video microscopy was performed on a homebuilt prism-based total internal reflection 
fluorescence (TIRF) imaging system. The microscope was an Olympus IX-71 with a 1.2NA 60x water 
objective with a 457 nm dichroic cube equipped with a Andor iXon DU897E back viewed EMCCD. 
Excitation of the nanocrystals immobilized on the flow cell surface was performed with a Spectra Physics 
2017Ar 457.9 nm laser line operating in TEM00 attenuated with neutral density filters. Images were 
collected with an integration time of 0.05 s with frame transfer (for a total frame time of 0.05175 s). The 
flow cell was placed on top of the objective (with coverslip facing down towards the microscope) and a 
dovetail prism was placed on top with refractive index matching oil. Methanol was then injected into the 
cell with a plastic syringe, which was then attached to the syringe pump. Before use all syringes were 
vigorously rinsed with the solution. The objective focus, alignment of the laser, and acquisition settings 
were coarsely adjusted at ~20-50 mW. A new location was used with lower fluencies (~10 mW) for data 
acquisition. Typically, initial imaging movies were acquired with controlled flow of methanol, following 
which the syringe was changed to the test solution (typically AgNO3). To allow a change of syringes, a 
second syringe was inserted on the outlet tubing to maintain the level of the liquid in the inlet while  
creating a small bubble to prevent mixing of the latter (AgNO3) and former (pure methanol) solutions. 
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The outlet syringe was removed and the pumping was initiated with the bubble in the tubing marking the 
position of the flow front of the AgNO3 solution. The time when the bubble enters the flow cell is defined 
as time zero for the flow experiment. 
2.5.8: Ensemble-Scale Cation Exchange Titration 
 A solution of nanocrystals was transferred to a sealed cuvette with a Teflon lined septa. 
Methanolic AgNO3 (0.03M) was prepared under argon and transferred to a sealed flask. The AgNO3 
solution was measured and injected into the sealed cuvette with a Hamilton microliter syringe, which was 
rinsed vigorously prior to use. The cuvette was manually shaken three times and stirred for two minutes 
prior to measurement. A UV-Vis absorption spectrum and a PL spectrum were acquired at each AgNO3 
addition. AgNO3 additions were performed in 10-20 µL aliquots.   
2.5.9: Absorption Data Processing 
 Absorption spectra obtained from the titration were corrected for dilution and then contribution 
due to Ag2Se/Ag2S absorption was subtracted. This correction was done by subtracting from each 
spectrum (n) the final spectrum (f) times a completion factor (Abs800,n/Abs800,f). The value of the 
absorbance at 800 nm, a region where CdSe/CdS has negligible absorption, was taken to be a measure of 
the contribution of Ag2Se/Ag2S in solution. The spectra were then corrected by a straight line baseline. 
2.5.10: Optical Microscopy Data Processing 
The data (time-stacks of images) from the microscopy experiments was imported into Image J. 
Inbuilt background subtraction was applied with a rolling ball radius of 5 pixels and no smoothing. 
Following background subtraction, intensities over the entire frame (widefield intensity) were recorded as 
a function of the time. Particle counting over the entire field of view (widefield particle count) was 
performed with the Image J “Analyze Particles” function. Derivatives of the widefield quantities were 
boxcar averaged over 5 frames. Single particles were identified manually from an average image of all 
frames. A region was defined around each single particle such that no interference from other particles 
was present. Time-dependent trajectories of single-particle intensity were recorded for each particle in its 
defined region. The time-dependent particle trajectories were then processed with a homemade script. 
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Each single-particle trace was smoothed with a 5-frame boxcar. For each single-particle, the average and 
standard deviation in intensity (termed threshold intensity) was determined for a time-point much after the 
wide-field intensity was extinguished. The “waiting time” for each single particle was defined to be the 
time-point at which its intensity last crossed this previously measured threshold intensity plus three times 
the standard deviation. This identifies the true waiting time for a single particle, instead of any long 
blinking OFF events.  Switching times (τ) were determined for each individual nanocrystal by fitting its 
intensity trajectory I(t) to a sigmoidal function: 
𝐼 = 𝐼𝑖𝑛𝑖𝑡𝑎𝑙 +
(𝐼𝑓𝑖𝑛𝑎𝑙 − 𝐼𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
1 + exp {(𝑡1/2 − 𝑡)/𝜏}
 
where the fit parameters are Iinitial, the intensity at the start of the trajectory, Ifinal, the intensity at the end of 
the trajectory, t1/2, the time at which the intensity is halfway between Iinitial and Ifinal.  
2.5.11: Comparison of Ag+ Diffusion Speed with Flow Rate 
 In our flow experiments, the ensemble reaction rate is dependent on the flow rate of the solution. 
This is because the diffusion speed of Ag+ is much slower, as calculated here. The cell cross-sectional 
area was determined to be ~7.62e-3 cm2 on average from the dimensions (width = 1.27 cm, height = 60 
µm) of the cell. A flow rate of 50 μL/min then equates to a linear flow velocity of the flow front through 
the cell of 0.11 cm/s. The RMS diffusion distance was then estimated by: 
<x> = (2.D.t)0.5 
where <x> is the root mean square diffusion distance, D is the infinite-dilution diffusion coefficient, taken 
as 1.648e-5 cm2 s-1 for Ag+, and t is time.33 This yields a total diffusion distance of 0.02 cm for a time-
span of 15 s, which is much smaller than the value of 1.5 cm for the motion of the flow front. Note that 
the AgNO3 solution is isolated from the methanol solution (initially filling the cell) to prevent diffusion of 
Ag+ into the cell until the flow front physically enters the cell. This is done by means of an air bubble as 
described earlier. 
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2.5.12: Stochastic Reaction Model Used for Simulations 
We simulated the temporal kinetics of an ensemble of 200 nanocrystals using a lattice site model. 
For computational tractability, each nanocrystal was assumed to have a size of n = 20 sites, each of which 
can exchange with an Ag+ ion. We assumed that the first ion binding event has a relatively small 
equilibrium constant k1 (10-2 M-1). However, the first exchange event enhances the binding free energy of 
a second exchange event by an amount ∆g, and the second event enhances that of the third one and so 
on.34 Therefore,   
k2 = exp-(
∆G+∆g)/kT 
k3 = exp-(
∆G+2∆g)/kT 
kn = exp-(
∆G+(n-1)∆g)/kT 
or, 
ki  = k1.a
i-1 
where a = exp-∆g/kT. Since ∆g is negative, a is a positive integer. The magnitude of a depends directly on 
the relative value of the binding free energy stabilization relative to the thermal energy. For instance, a 
0.1-eV stabilization can result in a ~55, which was a typical value used in the simulations. This is how 
positive co-operativity was introduced in this model. Consequently, a nanocrystal which has already 
undergone one exchange event is much more likely to undergo further exchange events as compared to 
other nanocrystals which have undergone no exchange at all. 
At each time step in the simulation, an Ag+ ion was made available to the nanocrystals. A specific 
nanocrystal was chosen at random from the ensemble of 200 nanocrystals. The probability of the 
nanocrystal incorporating the ion was estimated as: 
𝑝𝑖 =
𝑘𝑖
1 + 𝑘𝑖
 
where i-1 is the number of ions that have already been incorporated by the nanocrystal. But if the 
nanocrystal has already incorporated 20 ions, the probability for further ion incorporation was set to zero. 
Akin to a Monte-Carlo scheme, a random number r between 0 and 1 was generated. If pi > r, the ion 
exchange was performed, but if pi <= r, the move was not made and the simulation was advanced to the 
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next time step. Note each unit of time in these simulations is equivalent to the period between successive 
ions becoming available. Higher the flux of Ag+ ions, the shorter the magnitude of the time step in units 
of seconds. 
The simulation was run for enough time steps until all 200 nanocrystals had exchanged fully, i.e., 
incorporated 20 ions. Both an ensemble time-trajectory and 200 single nanocrystal trajectories were thus 
generated. The waiting time was defined as the time instant at which a nanocrystal takes up its 10th ion. A 
distribution of waiting times was also generated. A control run with a = 1 (no positive co-operativity) was 
performed as well, which simulated the case of diffusion-limited ion exchange.  
2.6: Additional Figures 
 
 
Figure 2.5. Transmission electron micrograph of CdSe/CdS core/shell nanocrystals used in the main body of the 
work.  
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Figure 2.6. Over the course of a titration with Ag+, the CdSe first exciton absorption band decreases in intensity 
while maintaining the excitonic peak position. 
 
Figure 2.7. Since the diffusion speed of Ag+ is much lower than the flow rate, the flow rate becomes the limiting 
factor in the reaction. Increasing the flow rate results in an increase in the ensemble rate of the reaction. This is 
shown at two different concentrations of AgNO3. The times are shown relative to an arbitrary time zero for each 
trajectory (to allow for easy visualization of different trajectories). 
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Figure 2.8. TEM of low-aspect ratio CdSe/CdS seeded rods used for data shown in the supplemental information.  
 
Figure 2.9. The waiting time for individual nanocrystals is independent of the particle position (shown in terms of 
pixel location on CCD).  
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Figure 2.10. A time trajectory of the widefield intensity and several representative single-particle trajectories shown 
for a microscopy experiment carried out with the seeded rod sample shown in Fig. S4. The results are identical to 
those shown in the main text for core/shell nanocrystals. The flow rate was 50 μl/min with a concentation of 46 μM. 
 
Figure 2.11. The widefield intensity and wide-field particle count trajectory can be reconstructed from a sum of 
representative trajectories from several single nanocrystals, serving as a sanity check for the single-particle level 
analysis. The flow rate was 50 μl/min with a concentation of 46 μM. 
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Figure 2.12. Derivative of widefield intensity shows a trend similar to the single-nanocrystal waiting time 
histograms. The flow rate was 50 μl/min with a concentation of 46 μM. 
 
 
Figure 2.13. A control experiment with flow of pure methanol (with no AgNO3) shows that the wide-field intensity 
and the number of bright nanocrystals in the image do not drop appreciably over a time-scale similar to the actual 
cation exchange experiments. This indicates that individual nanocrystals are fairly stable against photobleaching, 
photoxidation, or other such non-cation exchange related processes that could cause the emission of a particle to 
permanently turn OFF. The flow rate was 50 μl/min. 
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Chapter 3: Luminescence Blinking of a Reacting Quantum Dot* 
3.1: Abstract 
 Luminescence blinking is an inherent feature of optical emission from individual fluorescent 
molecules and quantum dots. There have been intense efforts, although not with complete resolution, 
toward the understanding of the mechanistic origin of blinking and also its mitigation in quantum dots. As 
an advance in our microscopic view of blinking, we show that the luminescence blinking of a quantum 
dot becomes unusually heavy in the temporal vicinity of a reactive transformation. This stage of heavy 
blinking is a result of defects/dopants formed within the quantum dot on its path to conversion. The 
evolution of blinking behavior along the reaction path allows us to measure the lifetime of the critical 
dopant-related intermediate in the reaction. This work establishes luminescence blinking as a single-
nanocrystal level probe of catalytic, photocatalytic, and electrochemical events occurring in the solid-state 
or on semiconductor surfaces.  
3.2: Introduction 
 Single emitters blink. The luminescent emission from an individual photoexcited fluorescent 
molecule or quantum dot is not continuous, but is interspersed by periods of darkness.1-3 There is random 
switching between bright, emissive (ON) and dark, non-emissive (OFF) states. The precise origins of 
luminescence blinking are still being resolved via studies on quantum dots.4 One widely accepted theory 
is that the dark state is a charged state of the quantum dot, produced by photoexcitation.5-8 In particular, 
multi-photon excitation can cause an electron or hole to be ejected from the quantum dot, leaving the 
quantum dot charged. In this charged state, photogenerated excitons recombine non-radiatively via an 
Auger recombination process rather than by radiative emission, thereby rendering the quantum dot non-
emissive.9 Eventually, when the charge on the quantum dot is neutralized, the emissive state is restored.  
 Apart from mechanistic investigations, important work in the area has focused on eliminating 
blinking, or, at least reducing the prevalence of the non-emissive state, so as to produce imaging labels 
with steady emission.10-13 In this Letter, we show the usefulness of quantum dot blinking as a dynamic 
45 
 
signature of the chemical state of the quantum dot. Our demonstration relies on our discovery that in the 
temporal vicinity of a reactive transformation, the blinking behavior of a quantum dot is significantly 
altered. In particular, the OFF state becomes more prevalent as one approaches the time-instant of the 
reactive transformation. We take advantage of this finding to identify a dopant/defect-related intermediate 
formed in the reaction path and also to measure the millisecond-timescale reaction dynamics within a 
semiconductor nanocrystal (NC). 
 The reaction studied was cation exchange, which is the place-exchange of all the cations of an 
ionic solid with foreign cations.14-18 A classic example is the cation exchange of a CdX (where X = S, Se) 
NC with silver ions (Ag+) to form a silver chalcogenide (Ag2X) NC (Figure 3.1, top).  
CdX(s) + 2 Ag+ (aq) → Ag2X(s) + Cd2+(aq)  
A related reaction is the reverse exchange of Ag2X NCs with Cd2+ to form CdX NCs.14 
3.3: Results and Discussion 
 We used fluorescence nanoscopy to monitor individual CdSe/CdS NCs undergoing forward and 
reverse exchange reactions in a microfluidic reaction cell.19-24 The monitoring was possible because, 
unlike CdSe/CdS NCs, Ag2Se/Ag2S NCs exhibit no visible photoluminescence.25 Single-NC level 
photoluminescence spectra (Figure 3.1, left) demonstrate that we were able to perform such single-NC 
level probing with a high degree of fidelity: after a full cycle of forward and reverse exchange, the 
photoluminescence spectrum of the NC is fully recovered with a peak maximum identical to the starting 
spectrum, indicating that the CdSe/CdS NC recovers its original composition and size.26,27 It must be 
noted, however, that after a full cycle of exchange, the average photoluminescence intensity per NC is 
lower, by ~14% (±9% std. dev.) as determined from representative experiments. Also, it is found in 
representative experiments that ~57% (±18% std. dev.) of NCs are recovered after a full cycle.   
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Figure 3.1. (Right) A cartoon of the cation exchange reactions studied. A CdSe/CdS NC, upon treatment with Ag+, 
is converted from brightly luminescent CdSe/CdS to non-luminescent Ag2Se/Ag2S. The reaction can be reversed by 
treatment with Cd2+, whereby a luminescent CdSe/CdS NC is recovered. (Left) The forward and reverse exchange 
reactions are monitored on the single-NC level using photoluminescence imaging/spectroscopy, as shown by single-
NC emission spectra (averaged over a handful of representative NCs). The distinct excitonic emission of an initially 
CdSe/CdS NC (black line) is completely lost (blue line) upon forward exchange. Upon reverse exchange, the 
CdSe/Cd NC is recovered and excitonic emission is restored with the same peak maximum (red line). For reasonable 
S/N, spectra shown are averaged over 9, 9, and 6 individual NCs for black, blue, and red lines respectively. The 
photoluminescence intensity was normalized by the number of NCs sampled.  
 
Using 50-ms frame-resolution video microscopy, we observed NCs undergoing exchange to 
CdSe/CdS. The wide-field intensity over the field-of-view gradually increased over ca. 100 s as the 
ensemble of NCs converted from non-luminescent Ag2Se/Ag2Se to luminescent CdSe/CdS (Figure 3.2a, 
top). Representative single-NC trajectories (Figure 3.2a, bottom), however, show that the conversion of 
an individual NC from Ag2Se/Ag2Se to CdSe/CdS is rather sharp compared to the ensemble kinetics, 
typically taking τ = 300 ms (Figure 3.2c).  
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Figure 3.2. (a, top) A gradual increase in the wide-field intensity with time is indicative of the conversion of the 
ensemble of non-luminescent Ag2Se/Ag2S NCs, subject to a 50 µL/min flow of a 27 mM Cd2+/0.1 M tributyl 
phosphine (TBP) solution in acetonitrile, to luminescent CdSe/CdS NCs. The intensity reaches a plateau when all 
NCs are converted, beyond which a small intensity decrease due to photobleaching is seen. The small intensity 
bump at t = 25 s is due to the reaction solution front entering the field of view and momentarily causing scattering of 
laser light. (a, bottom) Intensity trajectories of representative single Ag2Se/Ag2S NCs show that an individual NC 
makes a rather sharp transition to the luminescent CdSe/CdS form. The instant of time (referred to as the waiting 
time) when such a transition occurs is distinct for each NC. (b) A histogram of the waiting times has a peaked 
distribution spanning tens of seconds in width while (c) the time-constant for the sharp transition of individual NCs 
is ca. 300 ms. t = 0 s corresponds to the point of injection of the reaction solution.  
 
One experimental limitation is that single-NC photoluminescence emission possibly probes only 
a portion of the entire conversion process in a NC. In forward exchange,20 the loss of emission is possibly 
complete before the NC is fully converted to Ag2Se/Ag2S. Likewise, in the reverse reaction, the emission 
possibly recovers only when a significant fraction of Ag2Se/Ag2S inclusions have been removed. 
Fortunately, from a separate study,28 cation exchange in this system is known to follow co-operative 
switching-like dynamics; therefore the “non-proportional” dependence of emission intensity on the extent 
of conversion does not severely limit the use of photoluminescence for following the conversion 
dynamics within a single NC. Nevertheless, the measured time constant τ is likely to be a close lower 
limit for the actual timescale of conversion of a single NC.  
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Figure 3.3. Three representative single NC trajectories for the reverse (a) and forward (b) exchange reactions. NC 
trajectories shown have been temporally aligned such that the time-instant of the reactive transition was coincident 
across all NCs and set to t = 0 s. For the third trajectory (green) in both (a) and (b), the equivalent binary ON/OFF 
trajectory has been shown immediately below. Gray states are considered to be emissive. It must be noted that even 
though CdSe/CdS nanocrystals exhibit multistate emission, we do not attempt to distinguish between these different 
intensity levels of emission. The bright fraction determined for a large ensemble of such “in phase” binary 
trajectories is shown as a function of time for the reverse (c) and forward (d) reactions. The procedure for 
digitization of trajectories to a binary form, temporal alignment of single NC trajectories, and determination of 
bright fraction are described in detail in 3.5.5:Optical microscopy data analysis. The feature at t = 0 in (c) and (d), 
marked by a dotted curve, is an artifact of the alignment procedure: at that instant every NC is in the ON state by 
definition, either for the first time (reverse exchange) or for the last time (forward exchange). 
 
Recent experiments26,28 and theory29 point to the formation of dopant and vacancy-related 
intermediates along the reaction pathway. However, intensity trajectories have limited information for 
further resolution of the reaction dynamics around the transition point. Single-NC photoluminescence 
emission spectra can be more informative in this regard because spectra can be expected to be sensitive to 
the doping of the NC28,30-32 or to changes in the crystallite size33,34 as the solid-state exchange ensues. 
However, the collection of spectra requires several seconds-long acquisition times, which is too slow for 
elucidating sub-second-scale temporal dynamics. We, therefore, decided to inspect the luminescence 
blinking behavior of the NC, which is rich in information and from past work is known to be sensitive to 
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the charge state/environment/surface passivation of the NC.10,35-39 In particular, we asked the question if 
the blinking behavior of a NC changes in the temporal vicinity of its reactive transformation.  
In order to address this question, we analyzed the time-evolution of the blinking behavior of NCs 
undergoing cation exchange. Such temporal dynamics is not obtainable from conventional analyses of 
luminescence blinking, wherein ON and OFF time distributions and averages are typically extracted from 
10s-100s s long single NC intensity trajectories.38,40-42 Therefore, we adopted a modified strategy taking 
advantage of the ergodic principle: instead of using hundreds of time-points of single NC emission 
intensity, we utilized emission information from hundreds of similar NCs from each frame. Using the 
latter information, we determined a transient bright fraction, which is the ratio of NCs that are ON in a 
given frame to the known total number of NCs. The bright fraction provides a frame-by-frame measure of 
the average blinking behavior of the NCs, the evolution of which can be followed with a time-resolution 
of 50 ms, the frame acquisition time. Since we were interested in the evolution of blinking behavior 
relative to instant of the reactive transition, all individual NC trajectories were temporally aligned so as to 
make the instant of the reactive transition (set to t = 0 s) coincident for all NCs (Figure 3.3a). From an 
ensemble of such ‘in-phase’ single-NC trajectories, the bright fraction was determined as a function of 
time.  
Such a time-resolved blinking analysis is shown for the reverse cation exchange reaction in 
Figure 3.3c. Prior to the reaction (t < 0 s), all NCs are in the non-luminescent Ag2Se/Ag2Se state and 
therefore the bright fraction is zero, which characterizes the reactant state. Long after the reactive 
transition has taken place (t > 20 s), the bright fraction is observed to be steady in time, which 
characterizes the stable CdSe/CdS product state. However, immediately following the transition, newly 
formed CdSe/CdS NCs exhibit a much more prevalent non-emissive OFF state, as indicated by the low 
value of the bright fraction. However, over a few seconds following the transition point, the OFF state 
becomes less and less prevalent, indicated by the increase in the bright fraction, until the bright fraction 
eventually stabilizes to the steady-state value. This time-evolution of the blinking behavior following the 
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reactive transition point represents the slow structural/compositional relaxation of an intermediate state of 
the post-exchange NC.  
What is the nature of this intermediate state? Past work has shown that NCs following exchange 
can contain defects like stacking faults,14,26 incomplete ligand passivation, and most prominently, leftover 
dopant impurities corresponding to the outgoing cation,26 in this case Ag+. The latter, in particular, can 
form long-lived deep traps for charge carriers,28,43-45 serving as a potential mechanism for B-type 
blinking.9 The presence of interstitial Ag+ impurities is likely compensated by the presence of Cd2+ 
lattice/surface vacancies, one for every two Ag+ impurities.28 These vacancies may also serve as long-
lived traps for carriers and give rise to the prevalent OFF state behavior.  
Thus, our results suggest that a fast (τ ~ 300 ms, Figure 3.2c) reactive transition results in the 
formation of an Ag-doped, defective CdSe/CdS NC, which exhibits prevalent OFF state behavior in its 
emission. On a slower time-scale (τint ~ 12 s, Figure 3.3c), this doped, defective NC expels out remnant 
impurities and stabilizes to a more pure, less defective CdSe/CdS NC with higher quality emission 
characterized by lower prevalence of OFF state behavior. In fact, the conditions of our experiment, i.e., 
the presence of TBP, match the conditions under which monovalent dopant cations are known to be 
expelled out of the NC.26 Such purification is assisted by complexation of these ions of soft acid character 
by the soft base TBP. A study of the effect of the TBP concentration (Figure 3.4a) provided further 
credence for the picture of reaction dynamics invoked above. As the TBP concentration was increased, 
the relaxation time τint of the intermediate state was found to decrease. In other words, at a lower TBP 
concentration, complexation-assisted expulsion of Ag+ impurities is slower, resulting in the longer 
relaxation times. On the other hand, the time constant for the fast step does not exhibit any systematic 
change with the TBP concentration and stays in the 200-300 ms range (see Table 3.1).  
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Figure 3.4. The intermediate state relaxation time/lifetime τint is dependent upon the reactant concentration. An 
increase in the TBP concentration results in a decrease in the relaxation time of the dopant-related intermediate state 
in the reverse exchange reaction (a). A similar decrease in the intermediate-state lifetime is seen for the forward 
exchange reaction (b) when the Ag+ concentration is increased. Each data point is a separate trial. Table S3.1 shows 
results of individual trials. The error bars represent the standard deviation of a set of trials, except for the data-point 
for the 25µM TBP trial (dotted circle), in which case the error bar represents fitting error, because only one trial was 
performed.  
 
 The blinking response of NCs in the course of a forward exchange reaction (Figure 3.3b and 3.3d) 
is similarly informative. In the forward reaction, at times significantly earlier than the instant of transition 
(t < -3 s), the bright fraction is steady in time, characterizing the stable CdSe/CdS reactant state. As a 
CdSe/CdS NC approaches its point of transition to Ag2Se/Ag2S, it begins to exhibit more and more 
prevalent OFF state behavior in its blinking. The latter is indicated by the continuously decreasing value 
of the blinking fraction in the -2 s <  t  < 0 s region, which characterizes a doped-NC intermediate state. 
This decrease with time continues until the blinking fraction sharply drops to a value of zero at the point 
of transition to non-emissive Ag2Se/Ag2S, the product state. Mirroring the dynamics of the reverse 
reaction, the intermediate state in forward exchange is very likely a CdSe/CdS NC doped with 
surface/interstitial Ag+ impurities, with charge compensation by Cd2+ surface/ lattice vacancies. Past 
chemical characterization on bulk CdSe NC samples28 and electronic structure calculations29 have both 
indicated that such Ag+ doping is a critical precursor to cation exchange. The increase in the prevalence of 
the non-emissive OFF state as the transition point is approached signifies progressive doping of a NC; 
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until at a critical number of dopants, the NC undergoes a rapid transition (τ ~ 400 ms) to the Ag2Se/Ag2Se 
state limited only by mass transport of ions to the surface of the NC and/or within the NC. The lifetime of 
the doped-NC intermediate state is found to be ca. 1 s, which is an order-of-magnitude faster than for the 
reverse reaction, under the reaction conditions employed in our studies (see Table 3.1). 
 There is significant variance in the measured lifetime over multiple trials at the same 
concentration. We believe this variance results from the finite ensemble size (few thousands of NCs) in 
each trial, limited S/N of single-NC emission which cause errors in the determination of the number of 
emissive NCs, and reagent concentration variations from one trial to another. In addition, small variations 
in the surface chemistry of the glass substrate, in the surface composition of the NCs due to oxidation or 
hydroxylation, and in the photochemical effect of the excitation laser light can lead to variations in the 
photoluminescence characteristics and reactivity of NCs.  
3.4: Conclusions 
Thus, despite the stochastic nature of luminescence blinking, we find a systematic correlation 
between the blinking behavior of a quantum dot and its chemical/structural state. The finding of such a 
correlation is certainly not unreasonable when one considers the well-known role of chemical impurities 
and structural defects as long-lived non-radiative carrier traps and therefore easily culpable sources of 
OFF state behavior. Analogous to the role of quantum efficiency as a signature of optoelectronic quality 
of a bulk semiconductor sample,26,46 we establish luminescence blinking as a dynamic optical signature of 
the chemical/structural quality of a single NC. Atomic-level defects,47,48 impurities, charged species, and 
surface unsaturations are often formed dynamically in solid-state phenomena like charge transfer, surface 
photoelectrolysis, surface restructuring,49 adsorption,50 and catalysis. Although, these intermediates hold 
clues to atomistic mechanistics, these intermediates can be difficult to detect due to their fleeting nature 
and their subtlety on the bulk level. But the combination of single- NC monitoring and millisecond time-
resolution achievable by dynamic blinking measurements, developed here, makes detection of such 
intermediates possible. In particular, from the point of view of reaction dynamics in the solid-state and on 
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surfaces, luminescence blinking can thus become a powerful, broadly applicable, information rich 
chemical/structural probe. 
3.5: Methods 
3.5.1: Procedures  
Unless mentioned otherwise, procedures, reagents, equipment and analyses were similar to those 
reported by our laboratory previously.20  
3.5.2: Reagents and Instrumentation  
Tributyl phosphine (TBP) and cadmium nitrate (Cd(NO3)2) were purchased from Sigma Aldrich 
and stored in an argon filled glovebox (O2 < 1 ppm). All chemicals were purchased at the highest purity 
available and used without further purification. All workup was performed under an argon atmosphere 
unless otherwise mentioned. Transmission electron microscopy was performed on a JEOL 2010F 
operating at 200 kV. 
3.5.3: Single-Nanocrystal (NC) Cation Exchange Studies  
Reverse cation exchange reactions for video microscopy were performed using a solution of TBP 
and Cd(NO3)2 in acetonitrile. Typically, 0.1 M TBP and 27 mM Cd(NO3)2  were used, including for the 
results shown in Figures. 3.2, 3.3a, 3.3c, 3.7, 3.9, 3.11, and 3.12. Experiments were performed with a 
constant flow of solution at a rate of 50 µL/min achieved using a syringe pump. Forward exchange for 
obtaining Ag2Se/Ag2S NCs for reverse exchange studies was performed using a solution of 20 µM 
AgNO3 in methanol. Switching between syringes, and thereby between reagent solutions, was achieved 
by using a second syringe attached to the outlet tubing of the cell. The inlet syringe was removed, a small 
air bubble was created at the solution inlet by means of the second syringe, and then a syringe with the 
new reactant solution was inserted.  
Forward cation exchange experiments were performed using a solution of AgNO3 in methanol as 
the solvent. The AgNO3 concentration was 20 µM, except for the results in Figure 3.6 for which we used 
12 µM. The flow rate was typically 75 µL/min, including for the results shown in Figures 3.3b, 3.3d, 
3.4b, 3.8 and 3.10.  
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Videos were acquired on an Andor Ixon 3 897 electron-multiplying charge-coupled device 
(EMCCD) with ~0.05 s integration time/frame and ~20x gain. Single-NC experiments were not 
performed under an argon atmosphere. There were ca. 1500 NCs within the field of view (136 µm x 136 
µm) for each microscopy experiment, with variations on the order of few hundred NCs from one trial to 
another. 
3.5.4: NC Spectroscopy Experiments 
Single-NC spectra at various stages of exchange (Figure 3.1) were acquired on an Olympus IX-51 
microscope with a 1.2 NA 60x water objective and a dichroic cube for 457-nm excitation. For acquisition 
of photoluminescence emission spectra, a Princeton Instruments SP2358 300 mm spectrograph with a 300 
G/cm 500 nm blaze grating and a Princeton Instruments Acton PyLoN:100B liquid nitrogen cooled CCD 
were used. Photoexcitation of the NC was achieved with the 457.9 nm line of a Spectra Physics 2017Ar 
laser. The laser power was adjusted to ~10 mW with neutral density filters. The laser excitation employed 
a total internal reflection (TIR) configuration achieved by means of a dovetail prism placed on top of the 
sample slide, spaced by refractive index matching oil. Integration time used in spectroscopy experiments 
was 1.5 s per frame. The three spectra shown in Fig. 1 were accumulated over tens of frames. 
3.5.5: Optical Microscopy Data Analysis 
 The procedures for determination of the time-point of reactive transition, waiting times, and 
single NC reaction time-constants from single-NC intensity trajectories has been described in our 
previous work on the forward cation exchange reaction.1 Similar procedures were used here for both 
forward and reverse exchange reactions.  
 The analysis of blinking behavior and determination of bright fractions was performed as follows: 
1) For each single-NC trajectory, a region of the trajectory when the NC is permanently non-
emissive was determined. For forward exchange, such a region appears after the reactive transition-point 
and for reverse exchange, this region appears before the transition-point. The average level and standard 
deviation of the emission intensity in this region was determined. A threshold intensity was defined as the 
average plus four times the standard deviation (4σ). If a NC had an emission level above this threshold 
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intensity it was considered to be in the bright/emissive/ON state. If the emission level was below this 
threshold intensity, the NC was considered to be in the dark/non-emissive/OFF state.1  
2) Each single-NC trajectory was then converted to a binary (ON = 1, OFF = 0) format by means 
of the above-described thresholding technique.  
3) The binary single-NC trajectories were then offset in time such that the transition-point occurs 
at t = 0. As a result of this procedure, all single-NC trajectories in an experiment become temporally 
aligned such that their time-point of transition is coincident. We refer to these as “in-phase” trajectories. 
In Fig. 3.3, a representative in-phase binary trajectory is shown each for reverse and forward exchange. 
4) All “in-phase” trajectories were summed and normalized by the total number of identified 
NCs, giving us a bright-fraction trajectory.  
5) Intermediate state lifetimes (τint) were determined by fitting the bright fraction trajectory BF(t) 
to a sigmoidal function: 
𝐵𝐹 = 𝐵𝐹𝑖𝑛𝑖𝑡𝑎𝑙 +
(𝐵𝐹𝑓𝑖𝑛𝑎𝑙 − 𝐵𝐹𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
1 + exp {(𝑡1/2 − 𝑡)/𝜏𝑖𝑛𝑡}
 
where the fit parameters are BFinitial, the bright fraction at the start of the trajectory; BFfinal, the bright 
fraction at the end of the trajectory; and t1/2, the time-point of the reactive transition, which is at t = 0 as 
per our alignment procedure.  
6) For one of the analyses (Fig. S3.7), step 2 above was skipped and all aligned trajectories were 
summed to determine the total emission intensity of all NCs undergoing the reacting “in-phase” with one 
another.  
 Since the choice of 4σ to determine the threshold intensity can seem arbitrary, we increased the 
number of standard deviations and verified that the results did not change significantly (Fig. S3.6). 
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3.6: Additional Figures 
 
 
Figure 3.5. Representative TEM images of CdS-coated CdSe NCs used in the forward (left; avg. diameter = 5.85 
nm) and reverse (right; avg. diameter = 5.95 nm) cation exchange experiments.  
 
 
 
Figure 3.6. The single-NC reaction time constant for the forward reaction for various flow rates of the AgNO3 
reactant solution. 12 µM AgNO3 solution was used for this study. Each data-point shown is an average of time 
constants obtained from hundreds of single-NC trajectories and the corresponding error bar is based on the standard 
deviation of each set.  
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Figure 3.7. The time-evolution of the bright fraction during the course of the reverse-exchange reaction for two 
concentrations of TBP, i.e., (a) 0.102M and (b) 0.054M. The decrease in the TBP concentration leads to a longer 
lived intermediate state.  
 
 
 
Figure 3.8. The time-evolution of the bright fraction in the course of the forward-exchange reaction for two 
different concentrations of AgNO3, i.e., (a) 5 µM and (b) 20 µM. Increase in the AgNO3 concentration results in a 
shorter time spent in the intermediate state, which is well-correlated with a faster (ensemble) rate of conversion.1  
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Figure 3.9. Similar to what we showed for the forward exchange reaction,1 the single-NC waiting times in the 
reverse exchange reaction single are uncorrelated with the spatial location of the NC within the flow cell.  
 
Figure 3.10. When the number of standard deviations () used to determine the threshold intensity is increased 
above 4, there is no significant change in the nature of the time-evolution of the bright fraction. The analysis was 
performed for a forward reaction carried out with 20 µM AgNO3 solution introduced at a flow rate of 75 µL/min. 
 
59 
 
 
Figure 3.11. The time-evolution of the bright fraction (red) is exactly correlated with the time evolution of the 
emission intensity, summed over all in-phase single NC trajectories (black). This correlation indicates that the 
intensity increase following the reactive transition is due to a reduction in the OFF state prevalence of the NCs rather 
than due to each NC becoming gradually brighter in intensity. 
 
 
Figure 3.12. Comparison of the time-evolution of the wide-field intensity (red) and that of the summed intensity of 
all single NCs in the field-of-view (black). The feature at ~30 s is drastically reduced in the latter plot, indicating 
that this artifact arises from the background intensity rather than from the emission intensity of NCs. This artifact in 
the background intensity corresponds to the entry of the solution into the field-of-view. 
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Figure 3.13. Individual spectra of the single NCs used for generating the average spectra shown in Figure 1 of the 
main text. The initial luminescent CdSe/CdS NCs (a) are converted upon exposure to Ag+ solution to non-
luminescent Ag2Se/Ag2S NCs (b). Upon exposure to a Cd2+ solution and TBP, the NCs are restored to their initial 
composition (CdSe/CdS) and the luminescence is restored (c). In a and b, the third spectrum from the top is a 
composite of spectra of two NCs. 
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Reactant Reactant concentration 
(mM) 
Avg.  
(s) 
 st. dev. 
(s) 
int 
(s) 
int fit error 
(s) 
Main text figs. 
where data used 
Ag+ 0.005   2.21 0.02 3.4b 
Ag+ 0.005   3.17 0.02 3.4b 
Ag+ 0.005 0.29 0.16 2.42 0.01 3.4b 
Ag+ 0.010   2.11 0.03 3.4b 
Ag+ 0.010   1.85 0.03 3.4b 
Ag+ 0.010   3.94 0.03 3.4b 
Ag+ 0.010 0.34 0.20 1.57 0.05 3.4b 
Ag+ 0.010   2.73 0.03 3.4b 
Ag+ 0.020 0.38 0.25 0.74 0.02 3.3b, 3.3d, 3.4b 
Ag+ 0.020   1.12 0.02 3.4b 
Ag+ 0.020   0.85 0.02 3.4b 
Cd2+ / TBP  0.027 / 0.102   13.42 0.17 3.4a 
Cd2+ / TBP  0.027 / 0.102 0.27 0.37 12.10 0.16 3.2, 3.3a, 3.3c, 
3.4a 
Cd2+ / TBP  0.027 / 0.102   9.98 0.19 3.4a 
Cd2+ / TBP  0.027 / 0.102   39.80 0.34 3.4a 
Cd2+ / TBP  0.027 / 0.102   15.29 0.44 3.4a 
Cd2+ / TBP  0.027 / 0.102   42.62 0.48 3.4a 
Cd2+ / TBP  0.027 / 0.102   37.69 0.34 3.4a 
Cd2+ / TBP  0.027 / 0.102   11.45 0.42 3.4a 
Cd2+ / TBP  0.027 / 0.102   7.58 0.17 3.4a 
Cd2+ / TBP  0.027 / 0.102   18.19 0.27 3.4a 
Cd2+ / TBP  0.026 / 0.102   12.75 0.31 3.4a 
Cd2+ / TBP  0.026 / 0.102   19.34 0.34 3.4a 
Cd2+ / TBP  0.026 / 0.102   21.22 0.34 3.4a 
Cd2+ / TBP  0.027 / 0.055   33.35 0.35 3.4a 
Cd2+ / TBP  0.027 / 0.055   56.63 0.48 3.4a 
Cd2+ / TBP  0.027 / 0.054 0.17 0.13 35.08 0.25 3.4a 
Cd2+ / TBP  0.027 / 0.054   41.31 0.44 3.4a 
Cd2+ / TBP  0.027 / 0.025   64.80 0.39 3.4a 
  
Table 3.1. Single-NC time constant (), and intermediate lifetime (int) under various reaction conditions for both 
the forward and reverse cation exchange reactions. The flow rate of the reactant solution was fixed at 50 µL/min for 
all trials shown here. For each trial, the average and standard deviation of  were obtained from hundreds of single-
NC trajectories from that experiment.  
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Chapter 4: Comparison of Monovalent and Divalent Cation 
Exchange 
4.1: Introduction 
Ag+ and Cu+ cation exchange share distinctive hallmarks of a cooperative reaction mechanism. 
Sigmoidal titration curves, an isosbestic point, sharp discrete nanocrystal conversions, and a non-
exponential distribution of conversion events were surprising and novel observations for a solid state 
transformation.1,2 However, most divalent cation exchanges have not been observed with these noticeable 
traits, and in some cases show contrasting behavior.3-5 For instance, the cation exchange of cadmium 
chalcogenide nanocrystals with Hg2+ occurs with a gradual redshift in the excitonic absorption energy as 
the ensemble composition approaches HgSe.3 Absorbance spectroscopy and quantum mechanical models 
with the effective mass approximation suggest that cation exchange in this system occurs via a 
continually varying (overall) stoichiometry of each nanocrystal.6 The reaction follows a remarkably 
different in progression from the monovalent exchanges wherein no observable mixed CdSe/Ag2Se and 
CdSeSe/Cu2Se intermediates are formed and exchange proceeds abruptly to the end phase in each 
nanocrystal. This continuous transformation seen in the Hg2+ case is clearly not a cooperative reaction 
unlike the Ag+ and Cu+ cases. In a cooperative reaction scheme, a nanocrystal that has undergone some 
fraction of the exchange has a greater propensity to react further and therefore is likely to rapidly go to 
completion. The gradual exchange in the mercury case is therefore an interesting counter-example. It is 
furthermore interesting, that small CdSe clusters undergoing exchange with Hg2+ show a similar rapid 
conversion with no intermediate compositions.7 Understanding the kinetic progression of gradual 
exchange reactions in large quantum dots and the effect of size on the nature of the reaction will help 
answer why certain exchange processes are cooperative and others are not.  
4.2: Results and Discussion  
There is a continuous evolution of the UV/Vis spectra as a solution of CdSe nanocrystals was 
titrated with a solution of Hg2+ in the form of mercury acetate (Figure 4.1, left). The continuous shift of 
the first exciton to the final product state suggests that nanocrystals within the sample are transforming 
65 
 
from CdSe to HgSe via either a continuous set of solid solutions or mixed phases. This behavior is in 
stark contrast to the abrupt two-state transition seen with Ag+ (Figure 4.1, right), where no shift in the 
CdSe exciton band was seen over the course of the reaction; only a decrease in the excitonic absorbance 
was seen as exchange of CdSe to Ag2Se proceeded. In the present case, we observe a strong increase in 
the absorbance of the second exciton relative to that of the first exciton. Based on a past study, the latter 
observation indicates the formation of a CdSe core/HgSe shell nanoheterostructure.6 The increase in the 
absorbance of the second exciton arises from the electron being confined to the lower band-gap shell, 
where it has a larger overlap with the outer portions of the second excited state of the hole.6 Although our 
data supports the ultimate formation of core/shell nanoheterostructures, there is still some uncertainty 
about the exact structure. Raman spectroscopy studies of nanocrystals with similar spectral features 
indicate the presence of an alloy where the two cations have mixed.8  
The ensemble UV-Vis spectra eventually reach saturation before the optical band gap of HgSe 
(3,757 nm at 4.5 nm size)9 is reached and do not change appreciably after that point. The lack of further 
shifts may indicate that the sample has reached a stage where very little optoelectronic change occurs 
upon further change in the composition. The latter is unlikely because the closely related Cd1-xHgxTe 
system is known to be continuously tunable in its optoelectronic properties with composition. The most 
plausible explanation is that the nanocrystals have reached a bottleneck in further conversion. One 
possibility is the formation of a thick HgSe shell that inhibits further exchange. Attempts to drive the 
reaction forward with even slightly elevated temperatures (35C) quickly resulted in irreversible 
aggregation, possibly due to ligand desorption. Previous reports with aqueous-soluble CdSe nanorods 
showed the nanorods only exchanged up to ca. 10% Hg content (Cd0.9Hg0.1Se), which was attributed to 
high strain and the formation of stacking faults, preventing further incorporation of Hg.10 Strain has been 
found to play a role in the formation of Ag2S stripped CdS nanorods.11,12 
To determine if the reaction was indeed saturating prior to reaching the HgSe end-point, we 
employed scanning transmission electron microscopy (STEM) coupled with energy dispersive 
spectroscopy (EDS). The nanocrystals at the saturated state were found, on average, to contain 38 % Hg2+ 
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i.e., a composition of Cd0.91Hg0.55Se. The excess of cations relative to anions is likely due to a cation-rich 
surface as seen with the initial nanocrystals (Cd1.45Se). The sample titrated with ~0.5 equivalent Hg2+ 
showed 33.33% Hg2+, confirming the finding of a saturation in composition. STEM image analysis shows 
that the initial nanocrystals were 4.54 ± 0.40 nm in size (Figure 4.2, left), whereas the final nanocrystals 
were 4.33 ± 0.44 nm in size (Figure 4.2, right). The final sample showed considerable aggregation, 
consistent with observations in titrations performed without additional stabilizing ligands. 
 
Figure 4.1. UV/VIS absorbance spectroscopy taken in the course of a stoichiometric titration of 4 nm CdSe 
nanocrystals with Hg2+ (left). The first excitonic band position continually evolves towards the red from the reactant 
to the product. This behavior is in direct contrast to two-state evolution seen in the exchange of 4 nm CdSe 
nanocrystals with Ag+ (right, corrected to remove Ag2Se contribution). In the right graph, the small blue shift seen 
as we go from 0 equivalents to 0.1 equivalents is a result a ligand exchange of the nanocrystal with oleylamine, 
which was found to be necessary for colloidal stability of the nanocrystal sample. 
 X-ray diffraction (XRD) measurements of the nanocrystal samples show that the exchange is 
topotactic (Figure 4.3). The lack of a drastic change in the diffraction peaks or their positions indicates 
that Hg2+ directly replaces the Cd2+ with minimal change to the lattice structure. The minimal change in 
the diffraction pattern is reasonable with the marginal difference between the theoretical lattice constants 
of the respective wurtzite phases of the two materials (CdSe: a = 0.1636 nm, c = 0.6991 nm; HgSe: 
a=0.1639 nm, c = 0.7064 nm).13 It is interesting that  wurtzite HgSe is formed by the topotactic exchange 
process, since the wurtzite phase is less stable than the zinc blende morphology by 6.9 meV/atom and is 
therefore harder to access thermodynamically.13,14 Previous studies suggest that the dominant phase of 
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these mixed composition materials made through cation exchange are a defective zinc blende (sphalerite) 
structure.15 
  
Figure 4.2. Scanning transmission electron microscopy (STEM) images show an average of 4.54 nm in size CdSe 
nanocrystals (left) and an average 4.33 nm in size Cd.91Hg.55Se (right). The post-exchange sample shows noticeable 
amounts of aggregation. The histograms of nanocrystal diameter are shown in the inset. 
   
Figure 4.3. X-ray diffraction (XRD) of the nanocrystal samples at various points in the exchange reaction displays a 
conservation of the crystal structure with respect to the parent wurtzite CdSe.  
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 In titrations, the photoluminescence emission spectrum of the solution was also monitored in the 
course of the exchange. We observed an abrupt transition in the wavelength of emission (Figure 4.4, left). 
Rather than a continually red shifting emission, the initial CdSe bandgap emission (595 nm) decreases 
swiftly in response to the addition of Hg2+ and a new emission band (around the region > 700nm) emerges 
and grows. The new red emission red shifts with increasing mercury content until ~0.5 equivalent Hg2+ 
added with respect to Cd2+, beyond which only an increase in intensity was observed. Note that the 
absorbance spectrum appears to saturate at a similar point in the titration (Figure 4.4, right). The lack of 
emission from the sample between the pure CdSe state and the final product has previously been 
attributed to defects formed in the intermediate.15 This may suggest that a kinetically slow expulsion of 
defects has to occur before an emissive sample is obtained.16 
  
Figure 4.4. Titrating a sample of CdSe quantum dots with Hg2+ results in a drastic shift in emission (left) rather than 
being continually tuned. The emission is first detectable at 0.141 eqv. Hg2+ added at 722 nm and shifts to 762 nm 
over the course of the titration. The absorption spectrum of the sample shows an apparent saturation coincident with 
the end of the redshift in the fluorescence (right) 
4.3: Concluding Thoughts and Future Experiments 
 Our optical and structural data reveal i) a gradual transformation of CdSe to HgSe through a 
continuous set of alloyed or mixed phase nanocrystals and ii) a saturation during the course of the 
titration. Consistent with previous reports, our results suggest the formation of a graduated CdSe/HgSe 
core/shell structure in the course of exchange.2,3,8 The saturation in the excitonic absorption energy shift is 
due to the passivation of the CdSe surface by a thick enough shell of HgSe, which prevents the out-
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diffusion of Cd2+ ions into solution or the in-diffusion of Hg2+. A similar surface saturation has been 
previously reported for the exchange of PbS to CdS.17 The HgSe phase is unable to grow across the 
entirety of the nanocrystal and instead a graduated alloy is formed. This is an interesting result and we 
plan to utilize in-situ Raman phonon scattering and photoluminescence spectroscopy to probe, in real 
time, the formation of a CdSe/HgSe core/shell heterostructure. Preliminary experiments have monitored 
the photoluminescence of CdSe nanocrystal films in situ as exchange with Hg2+ proceeds. These optical 
studies will be supplemented with ex-situ high resolution STEM imaging with elemental mapping to 
confirm and characterize the core/shell nature of the product. In-situ single nanocrystal blinking 
measurements at both the CdSe and final product emission should help to determine the origin of the 
“gap” in emissive nanocrystals. Flow-cell experiments would be extremely advantageous in this regard, 
as the reaction temperature can be elevated to push the reaction further, without the worry of sample 
aggregation.  
4.4: Methods  
4.4.1: Reagents and Instrumentation 
All chemicals were purchased from Sigma Aldrich and stored in an argon filled glovebox (O2 < 1 
ppm) and used without further purification. All workup was performed under an argon atmosphere unless 
otherwise mentioned. Scanning transmission electron microscopy (STEM) was performed on a JEOL 
2010F operating at 200 kV. X-ray diffraction (XRD) was performed on a Rigaku MiniFlex 600. CdSe 
quantum dot nanocrystals of size 4.54 nm were prepared as previously reported.1 STEM was performed at 
200 kV on a JEOL 2010F S(TEM) with a 0.3 nm spot size and an acquisition speed of 32 µs/pixel. EDS 
spectra were taken on the same instrument with the electron beam allowed to stand on a region densely 
packed with nanocrystals and an integration time of 60 s. Sizing was performed in ImageJ manually for 
200 nanocrystals. Optical absorbance spectra were taken on a Shimadzu UV-3600 with a slit width of 8.0 
nm and a “fast” scan speed. Photoluminescence spectra were acquired on a Cary Eclipse 
spectrofluorometer with a 5 nm slit width and a scan speed of 600 nm/min. An excitation wavelength of 
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445 nm was used. Cuvettes were always cleaned immediately before use with a Kimwipe and 
methanol/toluene. 
4.4.2: Cation Exchange Titration Experiments 
 Cation exchange titrations of CdSe nanocrystals with Hg2+ were performed in sealed quartz 
cuvettes. A stock CdSe nanocrystal solution in toluene was added to the cuvette in an Ar filled glove box 
and subject to vacuum to remove the solvent. The dried sample of nanocrystals was then dissolved in 1.4 
mL hexane, 0.7 mL oleylamine, and 0.7 mL oleic acid. Experiments attempting to forgo the addition of 
these long-chain ligands suffered from irreversible aggregation early in the course of the cation exchange 
titration. Hg2+ was added in the form of a 19 mM solution of mercury acetate dissolved in octylamine. 
100 µL of this solution contained ca. 1 equivalent of Hg2+ with respect to the molar content of Cd2+in 
solution, as estimated by a procedure described by White et al.2 The sample was allowed to stand for 5 
min. after the addition of each aliquot under heavy stirring, so as to allow equilibrium to be reached, as 
evidenced by the spectrum becoming stable. Electron microscopy samples were prepared at stages in the 
titration by removing a small volume (~10 µL) of the solution and casting it onto an ultrathin carbon 
TEM grid. The prepared grid was then washed in hexane and methanol to remove excess ligand and 
residual cations. Samples for XRD were prepared by using methanol to precipitate the entirety of the 
sample being titrated (~3 mg CdSe).  
4.4.3: CdSe Nanocrystal Thin Film Microspectroscopy 
 Microscope-based photoluminescence spectroscopy experiments were performed as previously 
described.18 For preliminary experiments, a thin film of CdSe nanocrystals were deposited onto the quartz 
slide to increase the overall emission as individual nanocrystal spectra are often quite weak. A dilute 
solution of the nanocrystals (~10-8-10-9 M) was spin coated onto the slide (3000 rpm). The microfluidic 
cell was typically prefilled with hexane to permit focusing. The reaction mixture was typically mercury 
acetate (10-4 M) and octylamine (0.2 M) dissolved in hexane. The use of volatile amines should be 
restricted to a well ventilated space as even minute amounts are noxious. The use of a respirator is 
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necessary when this is not possible. Spectra were acquired with the grating centered typically at 550nm 
with 1 s integration time.  
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Chapter 5: Plasmonics with Doped Quantum Dots* 
5.1: Abstract 
We review the discovery of localized surface plasmon resonances (LSPRs) in doped 
semiconductor quantum dots (QDs), an advance that has extended nanoplasmonics to materials beyond 
the classic gamut of noble metals. The initial demonstrations of near-infrared LSPRs in QDs of heavily 
self-doped copper chalcogenides and conducting metal oxides are setting the broad stage for this new 
field. We describe the key properties of QD LSPRs. Whereas, the essential physics of plasmon resonances 
is similar to that in metal nanoparticles, the attributes of QD LSPRs represent a paradigm shift from metal 
nanoplasmonics. Carrier doping of quantum dots allows access to tunable LSPRs in the wide frequency 
range from the THz to the near-infrared. Such composition or carrier density tunability is unique to 
semiconductor quantum dots and not achievable in metal nanoparticles. Most strikingly, semiconductor 
quantum dots allow plasmon resonances to be dynamically tuned or switched by active control of carriers. 
Semiconducting quantum dots, thus, represent the ideal building blocks for active plasmonics. A number 
of potential applications are discussed including the use of plasmonic quantum dots as ultrasmall labels 
for biomedicine and as electrochromic materials, the utility of LSPRs for probing nanoscale charge 
dynamics in semiconductors, and the exploitation of strong coupling between photons and excitons. 
Further advances in this field necessitate efforts on generalizing plasmonic phenomena to wider range of 
semiconductors, developing strategies for achieving controlled levels of doping and stabilizing them, 
investigating the spectroscopy of these systems on a fundamental level, and exploring their integration 
into optoelectronic devices. 
5.2: Introduction 
Nanocrystals of semiconductors and those of metals have remained two separate classes, each in 
their own right extensively investigated and burgeoning with technological potential. Quantum 
confinement of electronic wave functions in semiconductor nanocrystals yields discrete size-tunable 
electronic levels, thereby allowing the engineering of optoelectronic properties.1 Semiconducting 
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quantum dots (QDs) represent the building blocks for nano-electronics, with applications in 
photovoltaics,2 light-emitting diodes,3 and displays.4 Metal nanoparticles, on the other hand, display a 
strong resonant interaction with light due to surface plasmon oscillations of their free electrons, resulting 
in enhanced geometrically tunable optical resonances.5-7 Metal nanoparticles constitute the building 
blocks for nano-optics with applications such as spectroscopic sensitizers,8 imaging tags,9 and nanoscale 
light manipulation.10,11 
A recent advance however, is blurring the boundary between these two domains of nanoscience: 
semiconducting QDs when doped heavily with charge carriers can be induced to display optical 
resonances hitherto characteristic only of metal nanoparticles. Plasmonic resonances in nanoparticles have 
traditionally been limited primarily to noble metals such as gold, silver, and copper; the recent advances 
extend nanoplasmonics to a much wider gamut of materials that includes nanostructures of 
semiconductors, especially chalcogenides and oxides.12-16  
The ability to use doped semiconductors for optics/plasmonics constitutes a fundamental advance 
analogous to the introduction of doped semiconductors to electronics in the 1940s. Whereas a metallic 
conductor has a fixed electron density (typically 1023 cm-3), a semiconductor can, in theory, be doped to 
achieve arbitrary carrier densities (typically in the range of 1016 to 1022 cm-3). Consequently a new 
paradigm in plasmonic tunability has become possible: a given semiconductor nanostructure can, simply 
by virtue of its doping level, exhibit a resonance in a region of the spectrum spanning from the visible up 
to the far infrared (FIR) and beyond (see Figure 5.1).13 
Probably, the most striking aspect of this new plasmonic tunability is its dynamic nature. It is 
possible to inject/remove charge carriers from a semiconductor device and actively tune its optical 
response spectrum and also switch its resonance ON/OFF.17 Metal nanostructures do not offer such on 
chip tunability or switchability. The ability to switch optical resonances dynamically constitutes a missing 
link in plasmon-based photonics, making heavily doped QDs the ideal building blocks for nano-
photonics. 
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In this review, we focus on the recent finding of plasmon resonances in doped semiconductor 
QDs, its conceptual and historical foundations, key attributes of such materials, and the range of 
possibilities opened up by this important advance.  
5.3: Background on Plasmonics and Nano-Plasmonics 
The recent finding of plasmon resonances in doped QDs is not at all surprising when seen from 
the context of the basic conceptual foundation of plasmonics, which is revisited here.7,18 Plasmons arise 
from free electrons (more correctly, charge carriers) in a material. A plasmon is essentially a collective 
charge density oscillation of a free carrier gas. Such oscillations can be resonantly excited by photons or 
electrons of appropriate frequency.  
The free carrier gas has a natural frequency of oscillation that is dependent on the carrier density. 
A simple analogy to the harmonic oscillator model can be drawn. The higher the carrier density, the 
greater are the repulsive forces within the gas, resulting in a stiffer “spring” and consequently a higher 
natural frequency of oscillation. Thus, a simple relationship exists between the carrier density and the 
resonance frequency.  
Quantitatively speaking, for volume plasmons excited within the bulk of a material, the resonance 
frequency, termed as the bulk plasma frequency, is given by:  
𝜔𝜌 =  √
𝑛𝑒2
𝜀0𝑚∗
 (1) 
where n is the number of carriers per unit volume, 𝑒  is the unit of elementary charge, 𝜀0 is the 
permittivity of free space, and 𝑚∗ is the effective carrier mass. For metals, which have large carrier 
densities, typically 1022 cm-3, 𝜔𝜌  lies in the UV region. For instance, 𝜔𝜌  is close to 9 eV for both gold and 
silver.19 The bulk plasma resonance dictates the dielectric function of the metal, which as per the Drude 
model is given as: 
𝜀(𝜔) =  𝜀∞ − 
𝜔𝜌
2
(𝜔2+𝑖𝜔𝛾)
 (2) 
where ω is the frequency of excitation and γ is a damping factor associated with the frequency of carrier-
carrier collisions. The real and imaginary parts of the dielectric function are then given as: 
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𝜀𝑟 =  𝜀∞ − 
𝜔𝜌
2
(𝜔2+𝛾2)
 (3) 
𝜀𝑖 =  
𝛾𝜔𝜌
2
(𝜔(𝜔2+𝛾2))
(4) 
 
Carriers in real materials may not be completely free and therefore a small correction to the 
Drude mode is introduced in  the form of ε∞, the high-frequency dielectric constant, which accounts for 
the bound-carrier contribution. 
In this review, we focus on carriers and plasmon resonances in nanoscale systems. In nanosized 
particles, the plasmonic oscillation is confined to a standing wave on the surface of a particle. Such 
oscillations are referred to as localized surface plasmons (0D) to distinguish them from volume or bulk 
plasmons (3D) and propagating surface plasmons on surfaces of thin films (2D) and nanowires (1D). 
Localized surface plasmon resonances (LSPRs) exhibit some unique attributes.   
 LSPRs are best characterized in terms of the response of a nanoparticle to an external 
electromagnetic excitation, which is given by its electronic polarizability α as: 
𝛼 = 3𝜀0𝑉(
𝜀−𝜀𝑚
𝜀+κ𝜀𝑚
) (5) 
Here 𝑉 is the particle volume, 𝜀0 is the permittivity of vacuum, 𝜀𝑚 is the dielectric constant of the 
surrounding medium, and κ is a factor dependent on particle geometry. When the denominator of the 
above expression approaches zero, as given by:  
𝜀𝑟 =  −κ𝜀𝑚(6) 
the polarizability reaches a strong maximum, a condition that characterizes the optical resonance. On 
resonance, there is a huge enhancement in the absorption and scattering of light by the nanoparticle. 
Intense localized electric fields are also supported on the surface of the nanoparticle. This strong resonant 
enhancement in light-matter interactions is a salient feature of nanoscale plasmon resonances.20 
The frequency at which the LSPR occurs is obtained by combining (3) and (6): 
𝜔𝑙𝑠𝜌 =  √
𝜔𝜌2
(𝜀∞+κ𝜀𝑚)
−  𝛾2 (7) 
which can typically be approximated as: 
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𝜔𝑙𝑠𝜌 =  
𝜔𝜌
√(𝜀∞+κ𝜀𝑚)
 (8) 
because γ is much smaller than optical frequencies of interest and can be neglected in the above 
expression, however noting that γ dictates the broadening of the LSPR mode and thus its quality. From 
(8), it becomes clear that the ωlsp occurs at a lower frequency than the bulk plasma frequency by a factor 
of √( ε∞ +κεm). For metals like gold, silver, and copper, LSPRs occur in the visible region of the spectrum. 
 
Figure 5.1. Drude-model prediction of the LSPR frequency for a quantum dot with an arbitrary carrier 
concentration. Carriers can be either intrinsic, as in the case of metals or pure semiconductors (representing the two 
extremes of the plot) or introduced by doping (the region that spans the two extremities). Reprinted with permission 
from ref. 13. 
  
The LSPR, as seen from (8), is tunable via a change in nanoparticle shape (through the factor κ) 
or the surrounding medium (through its dielectric constant εm). This tunability represents another salient 
feature of nanoparticle plasmon resonances. Finally, by combining (1) and (7), one obtains: 
𝝎𝒍𝒔𝝆 =  √
𝒏𝒆𝟐
(𝜺𝟎𝒎∗(𝜺∞+𝛋𝜺𝒎))
 (9) 
which describes the complete dependence of the LSPR frequency on the geometry, the medium, and the 
properties of the metal through the parameters n, m*, and ε∞. As described in subsequent sections, validity 
of the above expression (9) extends beyond metal nanoparticle LSPRs.  
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5.4: LSPRs in Non-Metals 
The field of nanoplasmonics has, until now, been associated with noble metal nanoparticles, 
which exhibit intense visible-region LSPR bands on account of their large free carrier concentrations 
coupled with low damping. However, physically speaking, LSPRs are not restricted to metals. In theory, a 
plasmon is simply a collective muti-carrier oscillation and should be manifested in a nanoparticle of any 
arbitrary material with a finite number of free carriers. Certainly, the density of such carriers would 
dictate, as per (9), where in the frequency spectrum the LSPR would occur. In fact, one can sketch a 
hypothetical plot (see Figure 5.1) showing where an LSPR could occur for an arbitrary carrier 
concentration.  
Metals lie in a narrow section on the right side of this plot due to their carrier concentrations on 
the order of 1022-1023 cm-3. Intrinsic semiconductors would lie at the other end of this plot. 
Semiconductors due to their relatively small band-gaps exhibit, at ambient temperature, a small intrinsic 
carrier population in the conduction band. E.g., ultrapure Si has an intrinsic carrier density of 1013-1014 
cm-3, which could allow Si nanocrystals to exhibit LSPRs in the microwave region.  
However, the most striking aspect represented by Fig. 5.1 arises from the fact that 
semiconductors can be extrinsically doped to have carrier concentrations ranging from 1015-1022 cm-3. 
Thus, doped semiconductor QDs can, at least in theory, allow access to LSPRs spanning the wide 
frequency range from the Thz to the near-infrared (NIR). In practice, the accomplishment relies on the 
ability to dope the QD controllably, the stability of the ionized dopants within the QD, and the low 
damping of  resulting charge carriers. As outlined in subsequent sections, LSPRs in doped QDs, 
especially those of chalcogenides and oxides, have recently been demonstrated, setting the broad stage for 
QD plasmonics.  
Tunability of the LSPR via control of composition or charge carrier concentration is not available 
in metals and unique to the semiconductor class of materials, where doping is common practice. LSPR 
tunability via control of carrier density is more dramatic than that geometric and medium-based LSPR 
tunability common in metal nanoplasmonics. For instance, for a 5-nm quantum dot, the addition of one 
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charge carrier would amount to a carrier density of 1019cm-3, which would result in a FIR LSPR. Thus, by 
controlling a singular charging/discharging event, it would be possible to turn the LSPR ON/OFF. 
Geometric or medium-based tunability offers neither the sensitivity nor the dynamic range for such 
dramatic tunability.  
Although plasmon resonances have not been explicitly studied in semiconductors until very 
recently, the optical properties arising from free carriers have been extensively studied in bulk and thin 
film semiconductors,21-25 if not in nanocrystals. Free carriers in semiconductors are known to give rise to 
intraband absorption at energies much below the band-gap, a process where a conduction-band electron 
(or a valence-band hole) absorbs a photon and is excited to an unoccupied state in the same band.26,27 Free 
carrier or intraband transitions must be closely related to plasmon resonances in a semiconductor, albeit 
with the distinction that the former is identified as a single-carrier intraband transition, whereas the latter 
is a collective carrier intraband transition. The aforementioned relationship merits deeper investigation, 
especially in the context of quantum confined nanostructures. 
5.4.1: LSPRs in Copper Chalcogenide Quantum Dots 
The ability of a QD to exhibit an LSPR when appropriately doped was demonstrated recently in 
the cuprous sulfide, a heavily p-type doped semiconductor.13,16 Doping in nanocrystals, especially the 
non-isoelectronic kind, is still a nascent area of research and examples of controlled charge carrier doping 
of QDs are few.28,29 Cuprous sulfide, however, is a self-doped semiconductor, which is the prime reason 
for its choice as a plasmonic QD system.  
At room temperature, copper sulfide is preferentially in the so-called djurleite phase, with a 
stoichiometry of Cu1.94S and an approximate monoclinic symmetry.30 The tendency of cuprous sulfide 
toward non-stoichiometry is due to the low chemical potential of Cu(0), the stability of the low-symmetry 
djurleite crystallography, and the ability of vacancies to cluster together in stable groups of four or eight 
per unit cell (Figure 5.2).31 Cuprous sulfide, due to its natural non-stoichiometry, supports a huge number 
of copper vacancies, each of which leaves behind a hole carrier in the lattice. The vacancy density is as 
high as 3% for the djurleite stoichiometry. 
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Alivisatos and coworkers and Burda and coworkers in separate works showed that cuprous 
sulfide QDs exhibit strong absorption bands well below the ca. 1 eV band-gap of the semiconductor (Fig. 
5.3).13,16 These bands are quite reminiscent of the plasmon absorption bands of gold nanoparticles, except 
for their occurrence in the NIR region of the spectrum.  
 
Figure 5.2. The unit cells for copper deficient and stoichiometric cuprous sulfide. Reproduced with permission from 
ref. 30. 
 
In the Alivisatos work, it was further shown using electron diffraction that the QDs made from 
solvothermal synthesis were indeed in the most stable djurleite phase rather than the fully stoichiometric 
Cu2S phase. The observed LSPR frequency of 0.7 eV for these QDs amounts (by use of (9) or simply by 
visual inspection of the plot in Figure 5.1) to a hole density of 1.6 x 1021 cm-3. This is equivalent to 3% 
copper vacancies, consistent with the stoichiometry of djurleite, thus validating the assignment of this 
optical band to an LSPR.  
To synthesize the otherwise-difficult-to-access Cu2S stoichiometry, with little to no vacancies, 
cation exchange with CdS nanorods was used. The Cu2S QDs displayed no NIR features indicative of 
LSPRs. However, upon exposure to oxygen, which is known to cause copper vacancies by the formation 
of Cu2O, the QDs LSPR band turned ON. With increasing oxygen exposure, the LSPR band blue shifts, 
as expected from an increase in the vacancy density. The LSPR mode, in the case of this p-type 
semiconductor, is a collective hole mode, unlike metals, where the charge carriers are electrons. The 
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observation of cuprous sulfide LSPRs experimentally confirms the expectation that the physics of 
plasmons ought not be influenced by the sign of the charge carrier.  
The LSPR mode, in the case of this p-type semiconductor, is a collective hole mode, unlike 
metals, where the charge carriers are electrons. The observation of cuprous sulfide LSPRs experimentally 
confirms the expectation that the physics of plasmons ought not be influenced by the sign of the charge 
carrier.  
 
Figure 5.3. Cuprous sulfide quantum dots display a LSPR that is tunable by stoichiometry. Fully stoichiometric 
Cu2S nanocrystals (black spectrum) show no LSPR feature.  Exposure to oxygen results in the formation of Cu 
vacancies and the turn ON of an LSPR mode. With increasing vacancy formation, the LSPR progressively blue 
shifts and gets stronger, as would be expected from an increase in the hole carrier density. Reproduced with 
permission from ref. 13. 
 
Alivisatos and coworkers, in the same work, also proposed that QDs of the closely related 
cuprous selenide would exhibit LSPRs. In fact, some unassigned sub-band absorption peaks observed in 
the past were likely LSPR modes. QDs of cuprous selenide are known to be synthesized with a 
stoichiometry of Cu1.6-1.8Se. The resulting carrier density would result in an LSPR around 1 eV or higher, 
which was then confirmed by detailed work from Manna and coworkers.32 The latter work also showed 
the ability to tune the LSPR frequency by progressive oxidation of the QDs that results in increasing non-
stoichiometry. The vacancy formation was also shown to be reversed by the addition of Cu+, as evidenced 
by the red-shift and loss of the LSPR feature. The ability to control the stoichiometry and thus the carrier 
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concentration of cuprous sulfide and selenide QDs, has made these materials the central focus of the field 
of QD plasmonics. 
5.4.2: LSPRs in Oxide-Based Quantum Dots 
The discovery of tunable LSPRs in materials other than noble metal nanoparticles has not been 
limited to the copper chalcogenides. Conducting metal oxides have also received attention. In 2009, 
Kanehara et al. reported tunable LSPRs in conducting indium tin oxide (ITO) nanoparticles.15 ITO is 
known to be a heavily doped n-type semiconductor, where the free electrons arise from Sn doping, with 
one electron contributed per Sn dopant. The charge carrier density of undoped indium oxide (In2O3) could 
be increased to ~1021 electrons/cm3 by incorporation of Sn during the synthesis in controlled amounts 
relative to the amount of In. LSPRs with frequency maxima between 2200 nm and 1600 nm were 
achieved with Sn mol percentages from >0 to 30% Interestingly, it was found that an increase in Sn 
doping level from >0 to 10% resulted in a blue shift of the LSPR as expected from an increase in carrier 
concentration. The corresponding LSPR shift from 2200 nm to 1600 nm was found to be consistent with 
the contribution of one electron per Sn dopant. However, further doping from 15 to 30% Sn resulted in an 
anomalous red shift from 1600 to 1800 nm, which was attributed to a decrease in charge carrier 
concentration due to trapping of electrons around excess Sn atoms.  
In the context of conducting metal oxides Buonsanti and co-workers demonstrated IR LSPRs in 
aluminium-doped zinc oxide (AZO) nanocrystals.14 AZO is often presented as an earth-abundant, more 
affordable, and less toxic alternative to ITO. AZO nanocrystals exhibited a compositional tunability as a 
function of dopant concentration similar to that in ITO. By controlling the relative reactivity of aluminium 
and zinc precursors using different coordinating ligands, AZO nanoparticles with up to 8% Al3+ content 
were synthesized. The nanocrystals contracted upon increasing incorporation of Al3+, demonstrating that 
ions were occupying lattice sites and contributing to the total free carrier density of the system. The LSPR 
was observed beginning at 1.4% Al3+ content and showed the expected increase in energy with increasing 
dopant concentration.  
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More recently Manthiram and Alivisatos reported NIR LSPRs in tungsten oxide nanorods.12 
These LSPRs were tunable via the degree of oxidation. Nanorods of an oxygen-deficient stoichiometry of 
WO2.83 (or W24O68) exhibited an LSPR absorption band at 900 nm, attributed to a short-axis mode. The 
LSPR frequency was found to be consistent with a charge carrier density of 6.3 x 1021 cm-3, resulting from 
two electrons per oxygen vacancy. However, the low-energy long-axis mode was not observed, which 
was attributed to inhomogeneous broadening. Simultaneous heating and oxidation confirmed the 
tunability of the LSPR. Increasing the concentration of oxygen decreased the charge carrier 
concentrations causing the band-gap absorption to blue shift and the LSPR to decrease in intensity and red 
shift.  
5.4.3: Attributes of Quantum Dot LSPRs 
While the carrier density, even for a heavily doped semiconductor, is typically less than in a 
metal, the LSPRs of QDs show attributes that are similar to those seen in metal nanoparticles. Certainly, 
properties of the semiconductor such as the dielectric constant, the effective carrier mass, and electron-
electron correlations influence the position and quality of the resonance. Regardless, the basic physics of 
plasmons seems to be unaffected by the nature of the host. Clausius-Mossotti theory (constituted by (5)-
(9)) and Mie theory that have been employed successfully in metal nanoplasmonics serve well as models 
for LSPRs of QDs.  
The size dependence of QD LSPRSs has been explored for small cuprous sulfide QDs (2-6 nm) 
synthesized by solvothermal synthesis. With decreasing size of the QD, the LSPR mode is seen to red-
shift and broaden (Fig. 5.4a),13 ,similar to what has been observed in small gold nanoparticles.33 It is 
known in nanoparticles of size much smaller than the mean free path, surface scattering of carriers is 
prominent. As the size is decreased, the degree of surface scattering increases, resulting in a broadening 
of the LSPR and a reduction in its energy. Of course, a major assumption made here is that the 
stoichiometric composition of the cuprous sulfide QDs does not vary from one size to another. 
The LSPR frequency is also dependent on the medium of the nanoparticles.19 From (9), as the 
medium dielectric constant (square of the refractive index) is increased, the LSPR frequency red-shifts. 
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This is a common feature of gold and silver nanostructures and forms the basis of refractive-index sensing 
with plasmon QD LSPRs also exhibit such a medium dependence.13,34 The LSPR of cuprous sulfide QDs 
red-shifts (see Figure 5.4b) when the medium is changed from carbon disulfide, to tetrachlorotheylene, to 
carbon tetrachloride, in the order of increasing refractive index. In fact, the medium-dependence of the 
optical resonance has become a canonical test to validate an LSPR assignment. 
The ultrafast dynamics of charge carriers in doped QDs, particularly copper selenide, has been 
compared to that in their noble metal cousins.35,36 Femtosecond laser excitation of  conduction band 
carriers in cuprous selenide results in a bleach of the LSPR absorption followed by an ultrafast recovery 
of the bleach. The much lower carrier density compared to that in a metal amounts to a smaller carrier 
heat capacity and consequently a much higher effective carrier temperature at comparable fluencies. This 
leads to a strong nonlinear effect on carrier absorption at high laser fluencies, which could be 
advantageous for ultrafast optical switching applications. 
 
Figure 5.4. Features of LSPRS of cuprous sulfide quantum dots a) Size-dependence (b) Solvent refractive index-
dependence. Reprinted with permission from ref. 13. 
 
5.4.4: Dynamic Tunability of Quantum Dot LSPRs 
While size, geometry, and medium-based tunabilities of QD LSPRs are largely similar to the case 
of noble metal nanoparticles, LSPR tunability via control of dopant composition or carrier density is a 
unique attribute of QDs and possibly a paradigm shift from noble metal nanoplasmonics.  
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In the 1940s, it was discovered that semiconductors could be doped with charge carriers so as to 
impart them with tunable electrical transport properties.37 This, as evident today, was a major advance 
over metals that possess appreciable electrical conductivities but lack any active tunability. The finding of 
optical resonances in QDs induced by carrier doping is an analogous advance for the field of photonics.  
Carrier concentrations of semiconductors can be tuned by doping, temperature, and/or phase 
transitions, allowing not only the engineering of LSPRs, but also their active control or switching within a 
working device. For instance, electrochemical charge injection or gating can be employed for LSPR 
control. The LSPR response of a metal nanoparticle, on the other hand, once engineered with chosen 
nanostructure parameters, such as shape, size, or metal, is permanently locked-in and cannot be actively 
controlled within an operating device. Dynamically tunable or switchable LSPRs of QDs can usher in a 
new era of active plasmonics. Some examples of active devices employing such principles are beginning 
to emerge. 
5.5: Applications 
5.5.1: Ultrasmall Contrast Agents for Biomedicine 
The access to NIR-range LSPRs offered by doped QDs makes them attractive for biomedical 
applications in vivo. The NIR region constitutes the biological water window, where the transmission of 
tissue can be up to several cm in depth.38 In addition, copper chalcogenide nanoparticles overcome the 
toxicity of Cd and Pb-containing QD materials, which are being explored extensively for biomedicinal 
use.39-42 
Cuprous chalcogenide QDs are finding utility in laser photothermal cancer therapy.43 In this 
technique, functionalized nanoparticles are specifically targeted to cells of cancerous tissue. Irradiation 
with a laser overlapping with the LSPR frequency results in strong resonant absorption of light by the 
nanoparticles, which is eventually converted into heat. The localized hyperthermic environment around 
the nanoparticle results in selective destruction of cancerous cells, while leaving healthy tissue intact.   
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Figure 5.5. Cuprous selenide QDs with an NIR LSPR can be employed for selective laser-based photothermal 
destruction of cells. Reprinted with permission from ref. 43. Copyright 2011 American Chemical Society.  
 
Gold nanorods (~50 nm in length, ~15 nm in diameter)44 and nanoshells (>100 nm in diameter)45 
have been the most common contrast agents for such photothermal therapy. Both gold nanorods and 
nanoshells exhibit strong NIR LSPRs on account of their geometry. However, the large size of these 
nanostructures, a necessary condition for their NIR response, can be limiting for biomedicine –
nanoparticles between 10 and 50 nm in size are most effective at preventing excretion by the body and 
circulating for long times within the bloodstream, an important requirement for their extravasation into 
tumors. Plasmonic QDs can be quite advantageous in this context. QDs, such as those of copper 
chalcogenides, on account of their lower carrier densities compared to metals, exhibit NIR LSPRs without 
the need for large size or special shapes or geometries.  
Korgel and co-workers recently employed cuprous selenide QDs coated with an amphiphilic 
polymer for photothermal therapy (Figure 5.5).43 The hydrodynamic radius of polymer/Cu2-xSe was about 
40 nm, within the ideal range of retention in the body. The LSPR band of the QDs was at 980 nm, in the 
desirable biological water window region. The photothermal transduction efficiency of Cu2-xSe (η = 22%) 
was found to be on par with Au nanorods (η=21%) but surpassing Au nanoshells (η=13%).  
5.5.2: Building Blocks for Active Photonic Devices 
Noble metal nanoparticles have been touted to be promising as nanophotonic components for 
optical computing due to their ability to confine modes of incident electromagnetic energy.46 There has 
been interest in the design of nanoparticle arrays for the confinement and waveguiding of selected modes 
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of electromagnetic energy. Arrays can be designed for specific frequencies by variation of nanoparticle 
shape, size, and nearest-neighbor distance. However, such a noble metal nanoparticle waveguide cannot 
be switched ON/OFF, neither can its frequency of operation be switched within the device. QD 
nanostructure devices with electrically switchable LSPRs can overcome this fundamental limitation. 
Similarly, it may be possible to design a nanoscale optical switch or transistor by employing an actively 
tunable plasmonic QD.  
 
Figure 5.6. Tuning of LSPRs of ITO nanoparticles by application of an electrical potential. Application of a 
negative potential turns ON IR absorption. Films of these nanoparticles serve as electrically tunable filters for 
selective on-demand transmission of IR light (i.e. heat). Reprinted with permission from ref. 17. Copyright 2011 
American Chemical Society. 
 
Garcia et al. recently demonstrated the ability to dynamically tune the LSPR of ITO nanoparticles 
by reversible electrochemical doping.17 By applying a voltage bias, it was possible to blue-shift the LSPR 
of the nanoparticles by 1200 nm in the NIR region and activate strong absorption of the IR component of 
light. A film of such nanoparticles was demonstrated to serve as a voltage-tunable filter for selective 
transmission of IR light (i.e. heat). In the visible region, the ITO nanoparticle films exhibited 92% 
transmittance, making them attractive as electrochromic coatings for windows – the heat-blocking 
attribute can be activated on demand by the application of an electrical voltage.   
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5.5.3: Sensors of Charges on the Nanoscale 
Plasmons serve as optical profiles or signatures of free carriers in the material. In fact, as seen 
from (9), the LSPR frequency can be employed as a quantitative probe of the number and density of 
charge carriers. This can useful for optical monitoring of dynamic changes in carrier dynamics in a 
semiconductor. Such studies are typically performed using electrical transport measurements.47 However, 
such electrical probing can be quite challenging for nanostructures, systems that are home to a plethora of 
unique charge carrier physics. The difficulty of wiring an individual nanostructure is a well-known 
limitation, so also the preponderance of the transport properties of the macroscopic contact.     
LSPR spectroscopy can be especially effective for addressing charge dynamics in individual 
nanostructures. The resonant scattering from a plasmon mode is known to be strong enough to allow 
single-nanoparticle sensitivity, at least for >30-nm nanoparticles. Probing the dynamics of charges in a 
nanostructure optically does not involve the difficulties of making physical contact with the nanostructure 
and has the added benefit of being non-perturbative. This approach is also high-throughput – several 
individual nanoparticles can be addressed in a single experiment.  
LSPR probing can allow us to watch processes such as phase transitions, nanoscale charging, and 
doping of a single QD. Such single-domain studies can reveal dynamics and phenomena that are typically 
obscured in  measurements on ensemble, bulk, and mutidomain materials.  
5.6: Summary and Outlook 
Plasmonic QDs present a host of opportunities due to their unique tunability and synergy of 
optoelectronic properties. However, the very ability to create carriers by facile chemical or 
electrochemical methods tantamount to the poor stability of these materials in ambient conditions. 
Developing methodologies to passivate and stabilize the doped nanostructure is therefore a pre-requisite 
to any widespread application of these materials. Uncontrolled changes or fluctuations in carrier 
concentration induced by external redox processes are certainly undesirable. Coating the nanocrystals in 
an inert silica shell may offer a chemical barrier against such redox processes. However, such a barrier 
would obviate the ability to dynamically modulate carrier density in situ. Creative coating strategies, 
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which allow selective electrochemical addressing of carriers or dopants within the nanocrystal, while 
serving as a barrier to undesirable chemical reactions need to be explored.  
The studies, so far, have focused only on a few semiconductors, especially of the heavily self-
doped kind. Further studies are needed to extend nanoplasmonics to more semiconductor QD systems, 
especially those where LSPRs induced by impurity doping can be explored.28 One such methodology that 
is predicted to allow access to a number of unique semiconductor materials with charge carriers is cation 
exchange.48 Efforts are also needed to extend QD plasmonics to the MIR region, which requires much 
lower carrier concentrations to be achieved and sustained in a nanocrystal. QD LSPRs originating from 
very few (<10) carriers in a nanocrystal are also interesting.  
Semiconductor QDs and plasmonic nanostructures provide complementary attributes, 
respectively the ability to engineer carriers and that to engineer light. There has been long-standing 
interest in integrating these attributes in a hybrid nanostructure. The achievement of quantum-confined 
carriers and plasmon resonances in a single nanocrystal presents a tremendous opportunity to explore the 
strongest possible coupling between light and charge carriers. Novel optoelectronic phenomena could be 
discovered, opening up avenues for light harvesting and non-linear optics. QD LSPRs, therefore, deserve 
extensive spectroscopic investigation on the fundamental level balanced with an exploration of the 
technological implications. 
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Outlook 
Ion exchange in perovskites. 
 Interest in quaternary ammonium metal halides has recently exploded due to the phenomenal 
efficiencies easily achievable with solar cells based on the material.1-3 Most of this work has focused on 
producing a more efficient solar cell or looking for spectroscopic signatures to understand the high 
efficiency.1,4,5 The reactivity of these perovskite materials itself is still relatively unexplored, despite 
chemical stability being a key bottleneck in their technological adoption. Questions such as “How do 
these materials degrade?” are still being investigated.6,7 Secondly, a majority of the perovskites 
investigated for solar cells are based on lead (Pb). Heavy metal use can prohibit the adoption of such 
technology no matter how efficient the performance. The European Union banned the use of Pb in 
electronics in 2006. In response to such bans, the electronics industry has made significant advances to 
entirely remove Pb from solder, using Sn-Ag-Cu alloys instead. Development of alternative perovskites 
that are more stable or where Pb is replaced by another suitable candidate, will require understanding and 
control of the reactivity of these materials. Using the perovskite’s emission as a signature for spatially 
where and dynamically how degradation occurs could lead to important principles for improving the 
chemical stability of these materials. 
 With the help of a first-year graduate student in the Jain laboratory, Varun Mohan, we have begun 
to examine model exchange reactions of such perovskite materials at the single particle level. Lead 
methylammonium bromide perovskites have a small Bohr radius (extent of delocalization of the electron-
hole pair generated by light excitation) of ca. 2 nm. Therefore, size-dependent quantum effects should not 
be present in particles larger than ca. 2 nm. This allows for the bulk emission wavelength to be used as a 
probe of chemical change for crystallites across multiple size scales (10 nm to 10s of μm). By studying 
the exchange transformation of larger crystallites, we will be able to spatially map reactivity and 
determine reaction progress along different crystallographic directions, thereby allowing us to pinpoint 
preferential reaction zones. We may be able to address questions like: does the entire crystallite convert 
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homogeneously or does a local region undergo rather drastic changes in composition before the rest of the 
crystallite? Such experiments will provide a very clear picture of the interplay of surface reactivity and 
diffusion on the nanoscale. The dependence of the reaction kinetics and spatial heterogeneity on 
crystallite size may yield further insights.   
Measuring the rates of ligand exchange 
 Ligand exchange is one of the most important reactions in nanoscience, in particular for 
semiconductor quantum dots.8-10 Exchanging the ligand with a hydrophilic one imparts water solubility 
for bioimaging. In other cases, removing long or bulky hydrocarbon ligands is essential for electrical 
applications. Resolving the kinetics of the exchange and describing it with an in-depth model, rational 
optimization of ligand exchange conditions may be possible. In particular, how ligand exchange kinetics 
varies from one crystal facet to another is still an open question. One model system to address this 
question is a long semiconductor CdSe nanorod, in which case the crystallographic directions of an 
individual nanorod supported on a substrate can be determined by optical emission.11 The light emitted 
from a nanorod is strongly polarized along the long axis, which is known to be the [0001] 
crystallographic axis. The progress of a ligand exchange reaction can be followed on a single nanorod 
using  a fluorescence resonance energy transfer (FRET) acceptor dye attached to a strongly binding ligand 
(i.e. mercaptans) . Only ligands that are bound to the nanocrystal will fluoresce due to the energy transfer. 
The binding of the ligand to a specific facet of the nanorod could then be discerned by using super 
resolution imaging techniques 
Expanding the scope of cation exchange 
 Further work into the understanding of mechanistic differences between various ion exchange 
reactions could enable better control of the process for tailor making nanostructures. Cation exchanges of 
CdSe with Cu+ and Ag+ appear to be similar: cooperative reaction mechanisms, defect luminescence at 
the midpoint of the reaction, and fast kinetics, but these reactions have markedly different cooperativity 
factors. Do other monovalent cations (Ni+, Co+, Tl+) undergo cation exchange through a similar 
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mechanism? The precise atomistic origin of the cooperativity is not fully known, but establishing it could 
be key to controllably introduce a range of atoms/ions as dopants in a nanocrystal.  
 Continued work comparing monovalent ion exchanges to divalent exchanges (such as Hg2+ and 
Pb2+) could inform us of the specific mechanism for ion diffusion in the solid state. The model exchange 
reaction with Hg2+ appears to be very rich in information about the divalent exchange reaction and to be a 
wholly different mechanism from the previously observed monovalent cations. Kinetic studies utilizing 
Raman active phonon modes and photoluminescence of single nanocrystals, combined with ongoing DFT 
studies in the group, could enable an atomic-resolution, dynamic picture of cation exchange. 
 The atomistic-level resolved kinetics of the cation exchange reaction could be facilitated by using 
a Cd(II) selective fluorogenic dye. Such a dye would brightly luminesce when it chelates a Cd(II). 
Introducing this dye into the flow cell along with the nonnative cation may allow the expulsion of 
cadmium (and the influx of silver) to be quantitatively imaged. The heterogeneity in individual 
nanocrystal reaction rates would then be measurable with a higher degree of precision. Correlated 
electron microscopy experiments could identify the structural features responsible for differences in 
reaction rate. 
 It would be interesting to look at more subtle transformations. The conversion of CdS to Ag2S 
and Cu2S is well known and characterized, as previously shown. The conversion between these two 
sulfides could still be enlightening. These two compounds have a very low mutual solubility in the low-
temperature bulk phases. However, cation exchange permits a wide variety of metastable crystal 
structures to be readily accessed and other work in the group is suggesting the temperature of phase 
transitions is lowered in nanocrystallites. Thus, phases on the nanoscale can have markedly different 
solubilities, whose influence on solid state transformations can be dramatic and worth study. 
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